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REMARKS 



Claims 454-567 were previously pending in this application. Those claims 
have been canceled in favor of new claims 576-825. Accordingly, claims 576-825 
are presented for further examination on the merits. 

Applicants appreciate the indication that prosecution has been reopened for 
their application and that the amendments submitted in their August 20, 2001 
Appeal Brief have been entered. Applicants also appreciate that previous 
objections and rejections not reiterated in the November 26, 2001 Office Action 
have been withdrawn. Finally, App.icants acknowledge with thanks the courtesy 
that was extended to Dr. Dean L. Engelhardt and their attorney during the 
December 27, 2001 interview attended by Examiner Spiegler and Dr. Kenneth 



Horlick 



New Claims 

Claims 576-825 are based upon Applicants' former and now canceled claims 
454-567 except that the scope of the new claims differs in three respects as 
follows. In claims 576-657, Applicants are claiming polynucleotide compositions 
in which a non-polypeptide, non-radioactive label moiety Sig is covalently attached 
directly or through a chemical linkage to the phosphate moiety of at least one 
modified nucleotide. Of claims 576-657, claims 576, 596, 617 and 637 are 
independent, corresponding to former claims 454, 482, 51 1 and 539, respectively 
(except for the insertion of "polypeptide" in the new claims). In claims 658-735, 
the non-radioactive label moiety Sig in Applicants' polynucleotide compositions ' 
comprises biotin, iminobiotin, an electron dense component, a magnetic 
component, a metal-containing component, a fluorescent component, a 
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chemiluminescent component, a chromogenic component or a combination of any 
of the foregoing. Of claims 658-735, claims 658, 677, 697 and 716 are 
independent, corresponding to former claims 454, 482, 51 1 and 539, respectively 
Finally, in claims 736-813, Applicants are claiming polynucleotide compositions in 
wh,ch the non-radioactive label moiety Sig is cova.ent.y attached to the phosphate 
mo,ety of at least one modified nucleotide through a chemical linkage comprising a 
polypeptide or a protein. Claims 736, 755, 775 and 794 are independent, again 

corresponding to former claims 454, 482, 51 1 and 539, respectively. 

To help track the other new dependent claims against the former, canceled 

claims 454-567, a claim list has been compiled and is attached as Exhibit 1 to this 

Reply Amendment. 

Entry of new claims 576-825 is respectfully requested. 

The Rejection Under 35 U S r. s U 2 . First P^^ph 

Claims 461, 489, 518 and 546 stand rejected under 35 U.S.C. §112, first 
paragraph, for containing subject matter which was not described in the 
specification in such a way as to reasonably convey to one skilled in the relevant 
art that the inventor(s), at the time the application was filed, had possession of the 
claimed invention, .n the November 26, 2001 Office Action (page 2), the Examiner 
stated: 

These claims include the recitation "wherein chemical linkage 
comprise, or mcludes an olefinic bond at the delta-position relative to 
th po in of attachment" which does not appear in the speclflcatton 
This recitation is considered new matter. 

The rejection for new matter is respectfully traversed. 
It is believed that the basis for the new matter rejection has been obviated 
by the presentation of the new claims that recite the "a-position relative to the 
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point of attachment" of the olefinic bond. The previously recited "5-position" has 
been omitted from the new claims altogether. The new recitation is properly 
supported by Applicants' original disclosure. See, for example, the specification, 
page 3, lines 2 & 3 from the bottom of the page; page 11, line 7 in the second 
paragraph; and originally filed claim 78. 

In view of the new claims, Applicants respectfully request reconsideration 
and withdrawal of the new matter rejection. 

The Rejection Under 35 US P §n 2 . Seronrl P^^ph 

Claims 455, 483, 512 and 540 stand rejected under 35 U.S.C. §112, 
second paragraph, as being indefinite for failing to particularly point out and' 
distinctly claim the subject matter which applicant regards as the invention. In the 
Office Action (page 3), the Examiner stated: 

„ Claims 455, 483, 512 and 540 are indefinite over the recitation 
of self-s.gnaling or self-indicating or self-detecting" because it is not 
clear what .s meant by this recitation, (i.e. it is not clear as to how a 
Sig can be considered [to] be self-signaling or self -indicating or self- 
detecting). For example, a fluorescent compound needs a specific 
wavelength of light to excite the compound to fluoresce and optical 
detection system to detect emitted fluorescence, therefore, it is not 
clear as to how a Sig (for example, a fluorescent compound) could be 
self-signaling or self-indicating or self-detecting. In other words it is 
not clear as to how a Sig can be considered self-signaling or' self- 
indicating or self-detecting without the use of an additional element to 
aid in the signaling, indicating or detecting of the Sig. 

The indefiniteness rejection is respectfully traversed. 

With respect to the phrase "self-signaling or self-indicating or self-detecting" 
in various new claims (577, 597, 618, 638, 659, 678, 698, 717, 737, 756, 776 
and 795), Applicants respectfully maintain that this language is altogether proper 
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and passes the statutory strictures for definiteness. In light of Applicants- 
specification and the knowledge in the art, it is believed that a reader skilled in the 
art would readily comprehend the meaning of a non-radioactive label moiety Sig 
that is or renders a nucleotide or oligo- or polynucleotide self-signaling or self- 
indicating or self-detecting. From the specification, it would have been understood 
that "self-signaling or self-indicating or self-detecting" label moieties in the context 
of non-radioactive labeled nucleotides and oligo- or polynucleotides containing them 
provide a means for direct detection, including fluorescence and chemiluminesence. 

In further support of the claim language at hand, Applicants would like to 
draw attention to eight documents listed below, of which four are U.S. patents 
(Exhibits 1-4) and four are scientific publications (Exhibits 5-8). The four U.S. 
patents include 

U.S. Patent No. 4,649,121 ("self-indicating" in claims 6 & 7) [Exhibit 2]; 
U.S. Patent No. 5,233,044 ("self-indicating" in claim 1) [Exhibit 3]; 
U.S. Patent No. 4,981,653 ("self-indicating" assay device in claims 1-8) 

[Exhibit 4]; and 

U.S. Patent No. 4,408,202 ("self-indicating" reagents in claims 1, 20 & 50) " 

[Exhibit 5]. 

The terminology "self-indicating" is also used and recognized in the literature 
particularly with respect to substrates. In this regard, Applicants can to the 
following four scientific articles. 

Atherton et al., "Self-indicating Activated Esters for Use in Solid Phase 
Peptide Synthesis. Fluorenylmethoxycarbonylamino Acid Derivatives of 3-Hydroxy- 

4-oxodihydrobenzotriazine," Journal Chemical Society. Chemin,, r 

01241:1763-1765 (1986) [Exhibit 6] . 
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Valcour et al., "Evaluation of a Kinetic Method for Prostatic Acid 
Phosphatase with Use of Self-Indicating Substrate, 2,6-Dich.oro-4-Nitropheny. 
Phosphate," Clinical Chemis try 35(61:939-945 (1989) [Exhibit 7]; 

Rocco, R. M., "Fluorometric Determination of Alkaline Phosphatase in Fluid 
Dairy Products: Collaborative Study," J^ssp^Anai^m. 73(6i-542-549 
(1990) [Exhibit 8]: 

The purpose of the present study was to collaboratively examine a 
new fluorometnc assay for ALP in dairy products (3). The method is 
ac t. e H 00 V'™ triC sub *trate called F/uoropJs®, which when 
acted upon by ALP, is converted to a highly fluorescent produrt This 
fluorometnc quantitative assay is the first dairy product ALP test [ h 
permits continuous and direct measurement of the released reaction 
product from a self-indicating substrate. . released reaction 

[Rocco, page 542, right column, first full \, emphasis added] 

Osawa et al., "Prostatic Acid Phosphatase Assay with Self-Indicating 
Substrate 2,6-Dichloro-4-acetylphenyl Phosphate," Clinicj^J^^ 
203 (1995) [Exhibit 9]: 

We characterize six self-indicating substrates 

[Osawa et al., page 200, abstract; emphasis added] 

Discussion 

for 0 p V AP°a 0 cTvit S v Mm "^T'T 5 in conventional methods 

tor PAP activity (1-8), we have developed a new assay and described 

Z^'ZZe. ° CAPP ' 8 Se,Nndhatin9 svnthetic^ostraTn.:: 

[page 202, right column, first V, emphasis added] 

In summary, for the measurement of PAP activity our kinetir mPthnH 
mvoMnfl the self-indicating substrate DCAPP Vo Wed iS 7acto 
performance on automated analyzers. . . ^.Maciory 

[page 203, left column, last 1; emphasis added] 
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In light of Applicants' specification and the usage in the art as evidenced by 
attached Exhibits 1-8, reconsideration and withdrawal of the indefiniteness 
rejection is respectfully requested. 

The First Rejection Und er 35 II .9 p $iqo 

Claims 454-46,, 463-474, 476-489, 491-502, 504-518, 520-531 533 
546, 548-559 and 561-567 stand rejected under 35 U.S.C. i,02,e, as being 
anticipated by Ward e, a,., U.S. Paten, No. 4,7,1,955. in the Office Action (pages 

4-5), the Examiner stated: 

abstract) comprising a general structure (see 

moiety"",* St theTv' <" 

provided that when It pu L o 7 6*1 ° ^ m0iety ' 

deazapunne. and if B is pyrimidine, the linkage is attach d to the 5 
posmon of the pyrimidine and wherein earh nf v ,! „ 

drawn 'Vn T* ^ ^ C ' a, ' mS ° f the instant ''^ntion are broadly 
drawn to oligo- or polydeoxynucleotides or polyribonucleotides 
wherem the Sig is covalent.y attached to the PM (or x yT ) di rect W 

o T&'JI^^'™"* t6aCheS the ~ 

the S,g to the PM through a chemical linkage (i.e. through the 
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linkage of the sugar (SM) and the ha** /racc\ • • 
ahstract), therefore, Ward teaches t ^ 

511, 539 and 567, and claims 457, 485, 514, and 542 

With respect to claims 455-56, 458, 463-474 476 4R1 apt 

as peroxidase, alkaline phosphatase) (col. 18 9-68) 

546, W^Te" '° ^ 487 - 489 ' 516 " 518 . *44- 

" the chemical linkages may include any of the well known 
- tends ,nclud, ng carton-croon single tends, carton carTon doZ 
tones, carton-mtrogen single tends, or carton-oxygen single tends 

oletinic tond at the alpha-position relative to B. The presence of s,„.h 
an alpha-olefinic bond serves ,o hold the moiety A away rem thl base 
when the base is paired with another in the well known douWe hel x 
configuration. This permits interaction with polypeptide^ occur mo e 
readily, thereby facilitating complex formation Mo eov sho e 
bonds w, h greater rotational freedom may not always hi the ml y 
suffcently apart from the helix to permit recognition by and complex 
formauon with polypeptide. /, is even more preferred thaTZ 

" "ThsITnh " ^ 8 ~ Tale 2 

u feinq any of ,h7 \ T" SUCh " nka9es are easil V formed 
utilizing any of the well known amine modification reactions 

Examples of preferred linkages derived from ally/amine and aZTa 
Although these linkages are preferred, others 'can be used 

Th.s rejection could be overcome by amending the claims bv 
deletmg the recitation "or through a chemical linkage" V 
[emphasis in the November 26, 2001 Office Action] 

The anticipation rejection is respectfully traversed. 



Enz-5(D6)(C2) 



Dean L. Engelhardt, et al. 
Serial No.: 08/479,997 
Filed: June 7, 1995 

Page 67 [Reply Under 37 C.F.R. s 1 . 1 1 1 (In Response To The 

November 26, 2001 Office Action) - May 28, 2002) 

In response, Applicants respectfully point out that the Ward '965 Patent 
l.mits the attachment of the non-radioacive labels to the non-disruptive base 
posmons of the pyrimidine, purine or deazapurine, namely, the 5-, 8- and 7- 
positions, respectively. In contrast, the claims in the Engelhard, application are 
d,rected to compositions in which the non-polypeptide. non-radioactive label moiety 
Sig is attached to the phosphate moiety - no, even to ,he base. ,e, alone ,o ,he 
aforementioned Ward positions (the 5-, 8- or 7-positions of a pyrimidine, purine or 
deazapurine, respectively). There are a, leas, two significant reasons why i, is 
■ncorrec, and improper ,o characterize ,he specific base labeling positions in the 
Ward '955 Patent for attaching non-radioacive labels as being indirectly attached 
to the phosphate moiety through the linkage of the sugar. 

First, the sugar is a distinct element of a nucleotide and it is no, recognized 
•n ,he art ,o my knowledge as being an indirec, linkage of ,he phospha.e moie,y ,o 
,he base moie,y. A person of ordinary skill in the ar, would simply no, consider ,he 
a,,achmen, ,o ,he base moiety in a nucleotide to be an indirec, linkage to the 
phosphate moiety in a nucleotide. 

Second, it should no, be overlooked that the three elements making up a " 
nucleotide (sugar, phosphate and base) are no, on.y differen, structurally, but they 
are Afferent chemica.ly, such that these elements are subjec, ,o liferent chemical 
reacons. Again, a person of ordinary skill in ,he ar, would simply no, treat the 
sugar, phosphate and base moieties in a nucleotide as interchangeable elements. 

In light of the foregoing remarks. Applicants respectfully request 
reconsideration and withdrawal of the first rejection for anticipation. 
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The Second Rejection Hnrj er 35 US r. sm ? 

Clairns 454-459, 463-464, 472-475, 478-487, 4 9l -4 92 , 500-503, and 
506-5,0 stand rejected under 35 U.S.C. , 10 2(b) as being anticipated by cr, in the 

rrriT?; 35 asc - 5,o3,ai as ° bvi ° us ° ver Hanoran « «• «• °< — 

.1 966,, 96,3 ):3 73-37 8) . In the Office Action ,pa g es 5-7,, the Examiner stated- 
acids ,£"373 ST?"* Tanf V'S 'J™*" Md t0 

...... .«,*»« crx^s^^Fir*^;.' 1 - 

respectively (pg. 374, col. 2). ^eulgan staining, 

With respect to claims 456, 458 464 472 47R A7P „-m 

comprise at least three carbon atoms ' 1) ' Wh ' Ch 

and .oT h N r n SPeCt t0 C ' a,mS 45? ' 459 ' 463 < 4 80, 485, 487 491 
and 508 Halloran teaches the covalent attachment of P O c -h' 
chemica inkaqe of -PH^nim ,n,j u L 1 0T said 

Mridila^ -ch ^ 

-pr:^^^ ,or portion — • * 

It is noted that in In re Best (195 USPn Ain\ , ^ . 
F i. 29 era,d (205 USPQ 594 , discuss the Zln ^SnTw^ 
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the prior art discloses subject matter which there is reason to believe 
mherently mcludes functions that are new.y cited or is idem L. o a 
product instantly claimed. In such a situation the burden is shifted to 
he applicants to "prove that subject matter shown to be in the prior 
art does not possess characteristics relied on" (205 USPQ 594 
second column, first full paragraph). 

• ' th ^ a ' tema u tive ' * would have b ^n obvious to one of ordinary 
stall m the art at the time the invention was made to have used the 
ohgonucleot.de preparation method of Halloran of conjugating a protein 
to an ol.gonucleot.de (through the PM), in order to have produced a 
compound that was complementary to a nucleic acid of interest for 
detect.on and .dent.f.cation purposes. If the hybridization property of 
oligonucleotides is not inherent, the disclosure of oligonucleotides, per 
se suggests hybridizability, which is a well known characteristic. 

Otherwise * l ° ^ aPP ' iCant t0 prove this 

The second anticipation rejection is respectfully traversed. 
In response, Applicants are pleased to present the Declaration of Dr. Charles 
W. Parker, who is Professor Emeritus of Medicine, Department of Microbiology and 
Immunology at Washington University School of Medicine in St. Louis, Missouri. 
Dr. Parker is well recognized as an investigator and author in immunology. Two of 
Dr. Parker's 1966 papers are cited in the November 26, 2001 Office Action and 
they serve as the basis for eight of the prior art rejections. As indicated in his 
Declaration which is attached as Exhibit A, Dr. Parker has spent over five decades 
in the field. His work has involved conjugate chemistry and the use of conjugated 
products, including radiolabeled proteins and nucleotide-protein conjugates, for 
immunization and radioimmunoassays. Dr. Parker's distinguished career is 
described on the first five or six pages in his Declaration (Exhibit A). As indicated 
in his Declaration (Section 12, page 13), Dr. Parker is at least a person of ordinary 
skill in the art to which the present invention pertains. 
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In response ,o the second rejection. Applicants direct attention to and 
incorporate Dr. Paper's statements in his Declaration beginning on page ,9, ,as, 
paragraph, and continuing through most of page 22. A reading of the background 
to Dr. Parker's cited papers can also be found on page 14, las, paragraph, 
continuing through the first half of page 19. 

In view of the new claims and the statements in Dr. Parker's Declaration 
(Exhibit A), i, is believed that the second rejection has been overcome 
Reconsideration and withdrawal of the rejection is respectfully requested. 

The Third Rejection Under 35 U S.C. §10? 

Cairns 511-516, 520-521, 529-532, 535, 536-544, 548, 549, 557-560 
and 563-567 stand rejected under 35 U.S.C. SI 02(b) as being anticipated by or in 
the alternative, under 35 U.S.C. 5103(a) as obvious over Halloran e, al (J of ' 
Immun. ,,966), 96 ( 3,:379-385,. In the Office Action (pages 7-9), the Examiner 
stated: 

Halloran teaches the conjugation of proteins to mono oliao and 
polynuc eot-des (pg. 379 i.e. reference to preceding articTe - Ha.ior n 
et al (J of Immun. (1966), 96(3):373-378), see teachings above 
The teachings of Halloran ( Pgs . 373-378) are cited herein onl to 
demonstrate content of Halloran (379-385)) ' V 

Halloran (pg. 381, column 2) teaches: 

"The results of the immunologic studies indiratP th a + 
nuc e t ld oligonucleotides and DNA-protein con at s Tn indu^ 

eact b 0 T n :th nt, H b0dieS W J th nUC ' e0tide Spedfic!t " The ^i todies 
react both with denatured DNA and with nucleoid* nm +Q - 

conjugates. WMe immunologic response .TL^TL S 

at le T a h st re ' 0 on; Ha "° ra " .'" ohes an oligoribonucleotide, comprising 

S g-PM SM baIc k . nUC ' e0tide haWn 3 ,he '°'™la 
big PM-SM-BASE, wherein the Sig is covalently attached to the PM 
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With respect to claims 512 and 540, Halloran teaches that th. 

s^dicST; the ~ «X - 

proteins and dna th k 1 "° ran teache$ the detection of the 
resT e c,L;; g D 374 coTt ^ ^ulgan staining, 

With respect to claims 513, 515 521 wto „, c , e 

co4rr^::t^hL H car b ral y s ,ys,ne, (pg - 375 ' Tabie »• ^ 

and ^Tu ? PeCt t0 C ' aimS 514 ' 516 ' 52 0' 537, 542 544 548 
and 565 Halloran teaches the covalent attachment of P O ^ 
chemica inkaae of -PHqmui a aildunmenT 0T -r-O-, said 

attached to the PM throua a nhn h *' SiS ' S COTale "«V 

(pg. 374, Fig 1) 9 Phosphorus atom or phosphate oxygen 

oo m pretnta;rhe:;r u ct , ,id e e r . eS, ^ ^ * 

It is noted that in In re Best (195 uqpn Am\ a . 
Fitzgerald (205 USPn rcmi a- I Q 430) and ,n re 

^^r^SEr* relied on " ,2 ° 5 uspq ^ 

IXr^ — - in 3 th^t 

Ha a Tpg a^^rsoTs , m h de ,0 h3Ve m ° di,ied « he ~ ° 
"e^ord^^^ 

use ,n hybridization or antibody production I IZT " 
property of oiigoribonucieotides Vnot inherent , e dEuHf 
oNgonbonucleotides. per se, suggests hybridizabil ty, which is a we 
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The third anticipation rejection is respectfully traversed. 

Applicants respectfully direct attention to the Declaration of Dr. Charles W 
Parker (Exhibit A,. His statements found on page 23 and continuing through the 
first half of page 25 are incorporated here for Applicants" response to the third 
anticipation rejection. 

In light of the new claims and the statements of Dr. Parker, Applicants 
respectfully request reconsideration and withdrawal of the third rejection. 

The First R ejection Und er 35 U.S C Sim 

Claims 462. 464, 469-471, 476, 477, 490, 492. 497-499, 504, and 505 
stand rejected under 35 U.S.C. 5103(a) as being unpatentable over Halloran et al 
(J. of Immun. (1966), 96l3):373-378), as applied to claims 454-459 463-464 
472-475, 478-487, 49,-492, 500-503, and 506-510 above, and further in view of 
Falkow e, al., U.S. Patent No. 4,358,535. In the Office Action (pages 9-11), the 
Examiner stated: 

The teachings of Halloran are presented above. Specificallv 
Ha loran teaches an oligonucleotide, comprising at least one^modmld 
nucleot.de having the formula Sig-PM-SM-BASE, wherein the Siq is 
covalently attached to the PM directly, said Sig being a moiety capab 
of non-rad.oacfve detection (i.e. protein). Halloran also describes 
specific Imkages and attachments of the Sig and the PM. Halloran 
does not teach specific Sig's, such as fluorescent compounds, HganSs 
etc. of nucleic acid probes. y<"'ub, 

Falkow teaches methods and compositions for infectious 
disease diagnosis and epidemiology involving labeled nucleotide probe 
complementary to nucleic acid coding for a characteristic pathogen 
product (see abstract). Specifically, Falkow teaches- 

»t i«» 7 h ! pr0b o e ™ y be RNA or DNA - The P r °be will normally have 
at least about 25 bases, more usually at least about 30 bases and 
may have up to about 10,000 bases or more, usually having not more 
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than about 5,000 bases Tho 

substantias complementary o T ^ZZ 1" " >?* 

characteristic of the oathnn.n „I f 9 fcr a P roduct 

released product, ^rSd "prSS"^. "T" " 

In 42-54): ° r m ° re ° f misma tched pairs." (col. 2, 

With respect to claims 462, 469 490 fln n 407 r ., 
that enzymes of interest as l*h*k r c ■ ? Fa ' k ° W teaches 

peroxidases (cd 4^2^ ° X,doredut:tases . Particularly 

With respect to claims 471 and aqq t h a r «*' 
fluorescent compounds includ luoreL in a d ' T^*.*" 
famine and its derivatives, dansyl, ZZJl, t. ^Xt. 

With respect to claims 470 and dQ« cil, 
ProScan be labeled with heavy^™ 

With respect to claims 476-477 and 504-505, Falkow teaches- 
antibody wLdttbeled * ow £ Son 'Vh^ inS,a " Ce ' the 

member for a ,abe,ed U ga Z. Z Zls" I wT ^yo^a^ 
have been employed in immunoassays which can readThl ! 
in the present assay." (col. 3, In. 38-45) employed 
"Ligands and antiligands may be varied widely Whers » lin a „H 

(col 4 In 5-1 ij ° r an, ' 9eniC - m "^nation with an antibody ■ 
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tn nnp'nV'T ° f th f t eachin 9 s ° f Fallcow, it would have been obvious 

L° ,°I TI Skl " ' n the art at the time the ™ention was made to 
have m od,f,ed the oligonucleotides of Halloran so as to have used 
alternate S,g labels, instead of using a protein, in order to Zle 
prov ld ed an equally effective compound for nucleic acid detection 

The first obviousness rejection is respectfully traversed. 

Reference is made to the statements of Dr. Parker in his Declaration (Exhibit 
A), beginning on page 25, second paragraph, and continuing through the first half 
of page 27.. 

In view of the new claims and Dr. Parker's Declaration, Applicants 
respectfully request reconsideration and withdrawal of the first obviousness 
rejection. 

The Second Reiectinn Under 35 U.S.C. §103 

Claims 519, 521, 526-528, 533. 534, 547, 549, 554-556, 561, and 562 
stand rejected under 35 U.S.C. 5103(a) as being unpatentable over Halloran et al 
(J. of Immun. (19661, 96(31:379-385), as applied to claims 511-516 520-521 
529-532, 535, 536-544, 548, 549, 557-560, and 563-567 above, and further* 
«ew of Falkow et al., U.S. Paten. Mo. 4,358,535. In the Office Action (pages 1 1- 
13), the Examiner stated: 

The teachings of Halloran are presented above Specificallv 
Halloran teaches an oligonucleotide, comprising at .east on m di d 
nucleot.de hav.ng the formula Sig-PM-SM-BASE, wherein the Sig is 
cova.ently attached to the PM directly, said Sig being a moLy capable 
of non-radioactive detection (i.e. protein). Halloran also describes 
specific linkage, and attachments of the Sig and the PM. Ha lo an 
does not teach spec.f.c Sig's, such as f.uorescent compounds, ligands 
etc. of nucleic acid probes. 

Falkow teaches methods and compositions for infectious 
disease diagnosis and epidemiology involving labeled nucleotide probes 
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complementary to nucleic acid coding for a characteristic pathogen 
product (see abstract). Specifically, Falkow teaches- P axno 9 en 

at Ip, J H h To". T V ^ RNA ° r ° NA - The probe wi " normady have 
at least about 25 bases, more usually at least about 30 bases and 

may have up to about 10,000 bases or more, usually having not more 

than about 5,000 bases. The probe sequenced be at Tea 

substant.ally complementary to a gene coding for a product 

2ZT Stl °, ° the . path °9 en < usual| V a cytoplasmic product o 
released product, part.cularly an excreted product. The probe need 
not have perfect complementarity to the sequence to which it 
In 42 54)'' ^ 30% ° r m ° re ° f mismatched P™s." (col. 2, 

With respect to claims 519, 526, 547, and 554 Falkow teaches 
that enzymes of interest as labels (i.e. Sigs) include hydrolases, 

to h pm 6SteraS f glycosidases (i-e- which would be attached 
to the PM via a glycosidic linkage), or oxidoreductases, particularly 
peroxidases (col. 4, In. 12-14). "^uidny 

With respect to claims 528 and 556, the reference teaches that 
fluorescent compounds include fluorescein and its derivatives 
rhodam.ne and its derivatives, dansyl, umbelliferone, etc. (col 4 In' 

With respect to claims 527 and 555, Falkow teaches that the 

Th. 25-28) ^ ^ ^ met8 ' S ^ Wh ' Ch ™ Catalytic) (co1 ' 
With respect to claims 533-534 and 561-562, Falkow teaches- 
In some situations it may be feasible to employ an antibody 
(i.e a polypeptide) which will bind specifically to the probe hybridized 

nthnH 5 ' 09 .fr?!" ° NA ° f the P9th0gen - ,n this ins tance, the 
antibody would be labeled to allow for detection. The same types of 

labels which are used for the probe may also be bound to the antibody 

in accordance with known techniques." (col. 3, In. 28-34) 

"Other labels include ligands, which will 'serve as a specific 
b.nd.ng member to a labeled antibody, fluorescers, chemiluminescers 
enzymes antibodies which can serve as a specific binding pair 
member for a labeled ligand, and the like. A wide variety of labels 
have been employed in immunoassays which can readily be employed 
in the present assay." (col. 3, In. 38-45). 

"Ligands and antiligands may be varied widely. Where a ligand 
has a natural receptor, namely ligands such as biotin, thyroxine, and 
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Cortisol, these ligands can be used in conjunction with the labeled 
naturally occurring receptors. Alternatively, any compound can be 
used either haptenic or antigenic, in combination with an antibody " 
(col. 4, In. 5-1 1). y ' 

In view of the teachings of Falkow, it would have been obvious 
to one of ordinary skill in the art at the time the invention was made to 
have modified the oligonucleotides of Halloran so as to have used 
alternative Sig labels, instead of using a protein, in order to have 
provided an equally effective compound for nucleic acid detection. . 

The second obviousness rejection is respectfully traversed. 

Applicants incorporate the statements of Dr. Parker from his Declaration 
(Exhibit A), beginning on page 27, last paragraph, and continuing through most of 
page 29. 

In view of the new claims and Dr. Parker's statements, reconsideration and 
withdrawal of the second obviousness rejection is respectfully requested. 

The Third Rejection Under 35 U.S.C. §103 

Claims 460-461, 465-468, 488-489, and 493-496 stand rejected under 35 

U.S.C. § 103(a) as being unpatentable over Halloran et al. (J. of Immun. (1966), 

96(3):373-378), as applied to claims 454-459, 463-464, 472-475, 478-487, 491- 

492, 500-503, and 506-510 above, and further in view of Ward et al., U.S. Patent 

No. 4,71 1,955. In the Office Action (pages 13-14), the Examiner stated: 

The teachings of Halloran are presented above. Specifically 
Halloran teaches an oligonucleotide, comprising at least one modified 
nucleotide having the formula Sig-PM-SM-BASE, wherein the Sig is 
covalently attached to the PM directly, said Sig being a moiety capable 
of non-radioactive detection (i.e. protein). Halloran also describes 
specific linkages and attachments of the Sig and the PM. Halloran 
does not teach the chemical linkages comprising an allylamine group 
or an ether group and Halloran does not teach a Sig comprising ferritin 
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Ward teaches that the probe (for general formula, see abstract) 
comprising the Sig can be a self-signalling moiety such as biotin 
fluorescent dyes, electron-dense reagents (such as ferritin, colloidal 
gold, ferric oxide), or enzymes (such as peroxidase, alkaline 
phosphatase) (col. 18, 9-68). 

With respect to specific linkages, Ward teaches- 
"the chemical linkages may include any of the well known 
bonds including carbon-carbon single bonds, carbon-carbon double 
bonds, carbon-nitrogen single bonds, or carbon-oxygen single bonds 
However, it is generally preferred that the chemical linkage include an 
olefmic bond at the alpha-position relative to B. The presence of such 
an alpha-olefinic bond serves to hold the moiety A away from the base 
when the base is paired with another in the well known double helix 
configuration This permits interaction with polypeptide to occur more 
readily, thereby facilitating complex formation. Moreover, single 
bonds with greater rotational freedom may not always hold the moiety 
sufficiently apart from the helix to permit recognition by and complex 
formation with polypeptide. It is even more preferred that the 
chemical linkage group be derived from a primary amine, and have the 
structure -CH.sub2-NH~, since such linkages are easily formed 
utilizing any of the well known amine modification reactions 
Examples of samino-2-hydroxyl- 1 -propyl) either groups have the 
formulae -CH.dbd.CH-CH.sub2-NH-and STR12U respectively 

Although these linkages are preferred, others can be used 
including particularly olefin linkage arms with other modifiable 
functionalities, such as thiol, carboxylic acid, and epoxide 
functionalities. 

It is also noted that the instant specification teachesthat the 
Sig component of the nucleotides in accordance with this invention 
and the nucleotides and polynucleotides incorporating the nucleotides 
of this invention containing the Sig component are equivalent to and 
useful for the same purposes as the nucleotides described in U S 
patent application Serial No. 255,223, now U.S. Patent NO* 
4,711,955". (pg. 97). 

In view of the teachings of Ward, it would have been obvious to 
one of ordinary skill in the art at the time the invention was made to 
have modified the method of linkages of Halloran to include allylamine 
ether, or any other well known chemical linkage, instead of 
carbodi.mide linkage as taught by Halloran, so as to have achieved an 
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equally effective linkage between the Sig and the phosphate moiety 
Furthermore, one would have been motivated to use the Sig labels of 
Ward (, e. ferritin), instead of using a protein, in order to have provided 
an equally effective compound for nucleic acid detection. 

The third obviousness rejection is respectfully traversed. 

In response, Applicants incorporate the statements of Dr. Parker from his 
Declaration (Exhibit A), beginning at the bottom of page 29, and continuing through 
the first two lines on page 32. 

In light of the new claims and Dr. Parker's statements, Applicants 
respectfully request reconsideration and withdrawal of the third obviousness 
rejection. 

The Fourth Rejection Under 35 U.S.C. §103 

Claims 517-518, 522-525, 545,546, and 550-553, stand rejected under 35 
U.S.C. §103(a) as being unpatentable over Halloran et al. (J. of Immun. (1966), 
96(3):379-385), as applied to claims 51 1-516, 520-521, 529-532, 535, 536-544, 
548, 549, 557-650, and 563-567 above, and further in view of Ward et al., U.S. ' 
Patent No. 4,71 1,955. In the Office Action (pages 15-16), the Examiner stated: 

The teachings of Halloran are presented above. Specifically 
Halloran teaches an oligonucleotide, comprising at least one modified 
nucleotide having the formula Sig-PM-SM-BASE, wherein the Siq is 
covalently attached to the PM directly, said Sig being a moiety capable 
of non-radioactive detection (i.e. protein). Halloran also describes 
specific linkages and attachments of the Sig and the PM. Halloran 
does not teach the chemical linkages comprising an allylamine group 
or an erther group and Halloran does not teach a Sig comprising ferritin 

Ward teaches that the probe (for general formula, see abstract) 
comprising the Sig can be a self-signalling moiety such as biotin 
fluorescent dyes, electron-dense reagents (such as ferritin, colloidal 
gold, ferric oxide), or enzymes (such as peroxidase, alkaline 
phosphatase) (col. 18, 9-68). 
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"the cS^M 8 ? t0 SPe0ifi ° ' inka9eS - Ward twclwi: 

carbon-nitrogen single bonds b °°f' ™ b °°™*°" double bonds. 
However, i, is generally prefefl that ™* on r° x ™ e '> bonds, 
olefin* bond „ the ^ r^Z ^'t""^ **** *" 
an alpha-olefinic bond serves to hnwTh Presence of such 

when the base is pated™ h "no h»* * ^ fmm ,ne b ™ 

configuration. This permite n,Zv '"• W6 " kn ° Wn double heli * 
readilv. ,h s „h„ V"™™ wth Polypeptide to occur more 

bonds with greate ro fenal freTd™ """""^ Moreow ' 
sufficiently apart fro" the S m3V n0t always h ° ld the ™i<*V 
formation with po«e ft f? ' eC ° en>t ' m b * a " d comptai 

-CHsZ-NH T .f "'""^ am '" e ' a " rf '"e 
utilizing any of , he Town" "* ^ ,0 ™ ed 

Examples of saZo-2 h Zro "7, n r 7 .™ dmcation <™<*°™- 

-Sig clttVoTthe ™;,eo,i d r aM ^f^"" ^ ,ha < *. 
and the nucleotides and StS^T inVen,i ° n 
of this invention contain,™ ,"" C ' eot ' des lnc °'Porating the nucleotides 
useful for the same o U Z« S ' 9 „ COmp0nent are ^"'^lent to and 
Patent appKcatT Se " °n 2 S^T T" n ^ 
4,711,965". (pg. 97) ^55,223, now U.S. Patent NO. 

one of'^rd- rthe^ al ITr * T ? haVe ^ «*"™« » 
an eoua.ly effect'^oulTr^cld^n " 
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The fourth obviousness rejection is respectfully traversed. 

In response, Applicants incorporate the statements of Dr. Parker from his 
Declaration (Exhibit A,. Those statements begin near the top of page 32, and they . 
continue through substantially most of page 33. 

Applicants respectfully request reconsideration and withdrawal of the fourth 
obviousness rejection in light of the new claims and Dr. Parker's statements. 

The Fifth R ejection Under 35 U.S.C. §103 

Claims 475 and 503 stand rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Ward et al., U.S. Patent No. 4,71 1 ,955, as applied to claims 
454-461, 463-474, 476-489, 491-502, 504-518, 520-531, 533-546, 548-559 
and 561-567, above, and further in view of Halloran et al. (J. of Immun. (1966), 
96(31:373-378). In the Office Action (pages 16-17), the Examiner stated: 

tp^h The th teaChin f of Ward are Presented above. Specifically, Ward 
teaches the probe comprising Sig-PM-SM-BASE, wherein the 

«°e S^TlT? ? ^ 519 t0 the PM thr0U 9 h a che ™*' linkage 
(i.e. through the l.nkage of the sugar (SM) and the base (BASE) 

moieties - see abstract). Ward also teaches that a variety of Sig 
abels can be used m detection (col. 18, In. 21-28), but does not teach 
the Sig label comprising polylysine. 

The teachings of Halloran are presented above. Specifically 
Hal oran teaches the addition of proteins (such as HSA and poly-lysine) 
to the PM, which can be used in detection with the Amido/chwartz 
staining procedure, for example (referenced to the pg. 375 Table 1 
referenced). My ' Die 1 " 

In view of the teachings of Halloran, it would have been obvious 

hlT „5 Tl V Ski " ^ the 9rt at the time the invention was made to 
have modified the compound of Ward to include to a Sig comprising 
polylysme, instead of a Sig (such as rhodamine), so as to have 
achieved an equally effective compound for nucleic acid detection. 

The fifth obviousness rejection is respectfully traversed. 
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In response, Applicants incorporate the statements of Dr. Parker from his 
Declaration (Exhibit A,. His statements begin with the last paragraph on page 33 
and they continue through the first line on page 36. 

Reconsideration and withdrawal of the fifth obviousness rejection is 
respectfully requested, particularly in view of the new claims and Dr. Parker's 
statements. 

The Sixth Rejection U nder 35 1J S.C. §103 

Claims 532 and 560 stand rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Ward et al., U.S. Patent No. 4,71 1,955, as app.ied to claims 
454-461, 463-474, 476-489, 491-502, 504-518, 520-531, 533-546, 548-559 
and 561-567 above, and further in view of (J. of Immun. (1966), 96(3):379-385) 
In the Office Action (pages 1 7-18), the Examiner stated: 

teachel^hT'T ° f PreS6nted ab ° Ve - Specifically, Ward 

teaches the probe comprising Sig-PM-SM-BASE, wherein the 

7e tlT^T? Sl ' 9 t0 PM thr ° U9h 3 chemicaTl nk 
(-.e. through the linkage of the sugar (SM) and the base (BASE) 

■ mo.et.es - see abstract). Ward also teaches that a var ty of I 

^ioTbe.V d6teCti0n (C °'- 18 ' " 21 ' 28, < but does "otteach 
tne big label comprising polylysine. 

The teachings of Halloran are presented above. Specifically 

ad K iti0n ° f Pr0,ei " S ,SUCh as HSA and p™ ' 
,M » 1 oligonbonucleotide, which can be used in detection 
with the Amidoschwartz staining procedure, for example (pg. 379 e 

^X"""' artiC ' e " HaHOran " "• « J - ° f 
tn n„»'", Uie , W °' th M eachi "9s of Halloran, it would have been obvious 
1 h°, Sk '" in the an at the time the in ™ntion was made to 
have mod,f,ed the compound of Ward to include to a Sig comprising 
polylysine, instead of a Sig (such as rhodamine), so asTo have 
achieved an equally effective compound for nucleic acid detect on 
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The sixth obviousness rejection is respectfully traversed. 

In response, Applicants incorporate the statements of Dr. Parker in his 
Declaration (Exhibit A). His statements begin at the top of page 36 and they 
continue through the first three lines on page 37. 

Reconsideration and withdrawal of the sixth obviousness rejection is 
respecfully requested, particularly in light of the new claims and Dr. Parker's 
statements on the matter. 

The Seve nth Rejection Under 35 U.S.C. §103 

Claims 462, 490, 519, and 547 stand rejected under 35 U.S.C. § 103(a) as 
being unpatentable over Ward et al., U.S. Patent No. 4,71 1,955, as applied to 
claims 454-461, 463-474, 476-489, 491-502, 504-518, 520-531, 533-546, 548- 
559 and 561-567 above, and further in view of Falkow et al., U.S. Patent No. 
4,358,535. In the Office Action (pages 18-19), the Examiner stated: 

The teachings of Ward are presented above. Specifically, Ward 
teaches the probe comprising Sig-PM-SM-BASE, wherein the 
covalent attachment of the Sig to the PM through a chemical linkage 
(i.e. through the linkage of the sugar (SM) and the base (BASE) 
moieties - see abstract). Ward also teaches that a variety of Sig 
labels (such as peroxidase and alkaline phosphatase) can be used in 
detection (col. 18, In. 24-28), but does not teach the Sig label 
comprising a glycosidic linkage (i.e. using a Sig comprising a 
glycosidase).. 

The teachings of Falkow are presented above. Specifically 
Falkow teaches enzymes of interest as labels (i.e. Sigs) include 
hydrolases, particularly esterases and glycosidases (i.e. .which would 
be attached to PM via a glycosidic linkage), or oxidoreductases, 
particularly peroxidases (col. 4, In. 12-14). 

In view of the teachings of Falkow, it would have been obvious 
to one of ordinary skill in the art at the time the invention was made to 
have modified the compound of Ward to include to a Sig comprising a 
glycosidic linkage (i.e. a Sig comprising a glycosidase), instead of a Sig 
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(such as peroxidase, utilizing a different linkage), so as to have 
achieved an equally effective compound for nucleic acid detection. 

The seventh obviousness rejection is respectfully traversed. 
It is respectfully submitted that it would not have been obvious to one of 
ordinary skill in the art to have modified Ward's compound to include a glycosidic 
linkage instead of peroxidase, in view of Falkow's "535 Patent and its disclosure of 
enzymes as labels. One would simply not have arrived at the Engelhardt invention 
from a combined reading of the Ward and Falkow patents. Ward's Patent does not 
disclose among its compounds a non-polypeptide, non-radioactive label moiety Sig 
attached to the nucleotidyl phosphate moiety in an oligo- or polynucleotide, as 
generally set forth in the Engelhardt claims. Furthermore, other Engelhardt claims 
recite a non-polypeptide, non-radioactive label moiety Sig, or the members of Sig 
(biotin, iminobiotin, an electron dense component, a magnetic component, a metal- 
containing component, a fluorescent component, a chemiluminescent component, a 
chromogenic component, a hapten or a combination of any of the foregoing), or 
that Sig is covalently attached to the phosphate moiety through a chemical linkage 
comprising a polypeptide or a protein. The element Sig in the Engelhardt claims is 
not an enzyme as disclosed in the Falkow '535 Patent. Thus, the addition of the 
Falkow '535 Patent does not provide the necessary disclosure which would have 
motivated or allowed a person of ordinary skill in the art to arrive at the claims in 
the Engelhardt application from a combined reading of both the Ward and Falkow 
patents. 

In view of the new claims and foregoing remarks, Applicants respectfully 
request reconsideration and withdrawal of the seventh obviousness rejection. 
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Information Disclosure Statement 

Recently, some 29 documents came to the attention of Applicants' 
undersigned attorney. These documents came to light earlier this month from a 
third party. As part of their duty of disclosure and candor, Applicants are 
submitting these documents in their Third Supplementary IDS attached as Exhibit B. 

Favorable action is respectfully urged. 

##***#* 
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SUMMARY AND CONCLUSIONS 

Claims 576-825 have been added in place of the former claims which 
have been canceled. 

The fee for adding new claims 576-825 is $1652, based upon the 
presentation of 74 additional claims [74 claims X $18 = $1332], and four 
new independent claims [4 claims X $80 = $320]. Authorization for these 
claim fees is set forth in the accompanying Transmittal. This Reply is also 
accompanied by a Request For Extension Of Time (3 months) and 
authorization for the fee therefor. 

No fee or fees are believed due for filing this Reply. In the event that 
any other fee or fees are due, however, authorization is hereby given to 
charge the amount of any such fee(s) to Deposit Account No. 05-1 135, or to 
credit any overpayment thereto. 

If a telephone conversation would further the prosecution of the 
present application, Applicants' undersigned attorney request that he be 
contacted at the number provided below. 

R^spectfu|lv( submitted, 

4\bhi\&C. ^edus 
Registration No. 32,567 
Attorney for Applicants 

ENZO LIFE SCIENCES, INC. 
(formerly Enzo Diagnostics, Inc.) 
c/o ENZO BIOCHEM, INC. 
527 Madison Avenue, 9 th Floor 
New York, New York 10022 
Telephone: (212) 583-0100 
Facsimile: (212) 583-0150 
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New Claim(s) 


Subject Matter (abbrev.) 


Corresponding Former 
Claims (Now Canceled) 


576 


independent claim 


454 


577 


self-signaling or self-indicating 


455 


- 

578 


or self-detecting 




Sig comprises 3 carbons 


456 


579 


covalent attachment 


457 


580 


chemical linkage does not 


458 




interfere with ability of Sig 




581 


chemical linkage members 


459 


582 


chemical linkage -- allylamine 


460 


583 


olefinic bond at a-position 


461 


584 


chemical linkage . . . glycosidic 


462 


585 


PM = mono-, di- or tri-phosphate 


463 


586 


Markush members of Sig 


464 


587 


electron dense component 


465 




. . . ferritin 




588 


magnetic component . . . magnetic 


467 




oxide 




589 


magnetic oxide . . . ferric oxide 


468 


590 


metal containing component . . . 


470 




catalytic 




591 


Markush members . . . fluorescent 


471 


592 


Sig moiety attached terminal . . . 


478 


593 


sugar moiety has H atom at 2' 


479 


594 


sugar moiety has 0 atom at 2' & 3' 


480 


595 


comprises at least one ribonucleotide 


481 


596 


independent 


482 


597 


* same as 577 


598 


same as 578 




599 


same as 579 




600 


same as 580 




.601 


same as 581 




602 


same as 582 




603 


same as 583 




604 


same as 584 




605 


x and y . . . mono-, di & tri-phosphate 


491 


606 


same as 586 
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New Claimfs) 


ouD|ecT Matter (abbrev.) 


607 


camp qc RQ7 


608 


odlllt; do OOO 


609 


odl lie do OOg 


610 


odl I lc do Oc?U 


61 1 


odl 1 it? do O c? 1 


612 


c a m q no COO 
odiilc do uy^ 


613 


bame as oyo 


614 


coin y ana z of terminal nucleotide 


61 5 


comprises 0 atom at 2' & 3' 


odl lit? do OjO 


61 6 


ouuciurai Tormuia tor oligo- or poly 


617 


nHpnonrlont 


618 


camfl R77 
odiiic do O / / 


619 


Qpm^ oo R7Q 
odl 1 it; do O / O 


620 


camp qq K7Q 
oai I tc do O / C7 


- 621 


odlllt? do OOU 


622 


odl 1 It; do O O 1 


623 


odlllt? do OOZ 


624 


odlllt; do OOO 


625 


odfilt; do OO^f 


626 


odl 1 Ic do OOO 


627 


camp ae COC 

odi i it; do OOO 


628 


same as oo / 


629 


same as ooo 


630 


odlflc do 0OC7 


UO 1 


same as oy(J 


. 632 


same as 591 


633 


same as 592 


634 


same as 593 


635 


same as 594 


636 


same as 595 


637 


independent 


638 


same as 577 


639 


same as 578 


640 


same as 579 


641 


same as 580 



Corresponding Former 
Claims (Now Canceled) 



508 



510 
511 



539 
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New Claimfst Subi P rt Matter , a u k , Corresponding Former 

642 ^ C^N^wXanc^dl 

643 same as 582 

644 same as 583 

64 5 same as 584 

646 same gs 605 

647 same as 586 

648 same as 587 

649 same as 588 

650 same as 589 

651 same as 590 

652 same as 591 

653 same as 592 

654 same as 593 

655 same as 614 

656 same as 595 

657 same as 616 

658 independent 

65 9 same as 577 

66 0 same as 578 

661 same as 579 

662 same as 580 

663 same as 581 

664 same as 582 

665 same as 583 

666 same as 584 

667 same as 585 

668 same as 587 

669 same as 588 

670 same as 589 

671 same as 590 

672 same as 591 

673 same as 592 

674 same as 593 

6 7 5 same as 594 

67 6 same as 595 

677 independent 482 
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New Claimfs) Subject MattPr / a hh r * ^ Corresponding Former 

679 same as 578 

680 same as 579 

681 same as 580 

682 same as 581 

6 8 3 same as 582 

684 same as 583 

685 same as 584 

686 same as 605 
^ 8 7 same as 587 

688 same as 588 

689 same as 589 

69 0 - same as 590 

691 same as 591 

692 same as 592 

693 z of said terminal nucleotide 507 



694 


same as 614 


695 


. same as 615 


696 


same as 616 


697 


independent 


698 


same as 577 


699 


same as 578 


700 


same as 579 


701 


same as 580 


702 


same as 581 


703 


same as 582 


704 


same as 583 


705 


same as 584 


706 


same as 585 


707 


same as 587 


708 


same as 588 


709 


same as 589 


710 


same as 590 


711 


same as 591 


712 


same as 592 



51 1 
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New Claim/9) 


Subject Mattar 


713 


same as 593 


714 


same as 594 


715 


same as 595 


716 


independent 


717 


same as b 77 


718 


same as b/8 


719 


same as 579 


720 


bdme as oou 


721 


same as bol 


722 


same as 582 


723 


9^mo ao CQQ 
oai lie aS OOo 


724 


samp fl<? R£A 

wUl lie CIO JOf 


725 


same as 605 


726 


same as 587 


727 


same as 588 


728 


same as 589 


729 


same as 590 


730 


same as 591 


731 


same as 592 


732 


same as 693 


733 


same as 614 


734 


comprising at least one 



Corresponding Former 
Claims (No w Canceled ) 



539 



538 

deoxynbonucleotide 

735 same as 616 

736 independent A ^ A 

■701 4o4 

/J/ same as 577 

738 same as 578 

739 same as 579 

740 same as 580 

741 same as 585 

7 42 same as 586 

74 3 same as 587 

744 same as 588 

745 same as 589 

74 6 same as 590 

747 same as 591 
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New Claim(s) 


ouuitsot iviauer (aDorev.) 


748 


lci i nil idiiy iiydCSQ 


749 


i/UMifjiioco puiyiysine 


750 


avium, oirepiaviam ana anti-napten Ig 


751 


fllmnQt cama ac coo 
aiiiiuoi odiilc do Oc?^ 


752 


camp ac RQ^ 
oaiiic do 


753 


camp ae RQzL 
oai lie Qo JCt 1 


754 


samp as RQf-i 


755 


indpripnHpnt 


756 


samp as R77 

wUI 1 1 1> CIO \J / / 


757 


samp as 


758 


samp as ^7Q 

«JUI 1 lg CIO \J / & 


759 


same as 580 


760 


same as 605 


761 


same as 586 


762 


same as 587 


763 


same as Rfift 

wUI 1 lb CIO \J\J{J 


764 


same as 589 


765 


same as 590 


766 


samp as RQ 1 

oaitiCs cio >J C/ | 


767 


samp as 7Aft 


768 


samp as 7AQ 
oai i ic do / 


769 


samp ac 

oai [ Ic do / OU 


770 


oiy dudcnea via polypeptide or 




piuLcin unemicai unKage to 




terminal nucleotide 


771 


same as 693 


772 


samp ac fil /I 
oai i ic do u 1 


773 


comprising at least one ribonucleotide 


774 


structural formula 


775 


independent 


776 


same as 577 


777 


same as 578 


778 


same as 579 


779 


same as 580 


780 


PM = mono-, di- or tri-phosphate and 




Sig is covalently attached 


781 


same as 586 



Corresponding Former 
Claims (Now Canceled) 

558 

560 

561 



482 



558 
560 
561 
478 



509 
510 
511 



520 



Enz-5(D6)(C2) 



Dean L. Engelhardt et al. 
Serial No. 08/479,997 
Filed: June 7, 1995 

Page 7 [Exhibit 1 to May 28, 2002 Reply Under 37 C.F.R. §1.111] 



Npw Haim/.i c u- » , Corresponding Former 

NeW 7 S9 Sub,ect Matter (ahhrPv ) Claims (Now C,nr^ } 

782 same as 587 yA 

783 same as 588 

784 same as 589 

785 same as 590 

786 same as 591 

787 same as 748 

788 same as 749 

789 same as 750 

790 almost same as 592 

791 same as 593 

792 same as 594 

793 same as 595 

794 independent 53g 
795- same as 577 

796 same as 578 

797 same as 579 

798 almost same as 580 



799 


same as 605 


800 


same as 586 ' 


801 


same as 587 


802 


same as 588 


803 


same as 589 


804 


same as 590 


805 


same as 591 


806 


same as 748 


807 


same as 749 


808 


same as 750 


809 


almost same as 592 


810 


same as 693 


811 


same as 614 


812 


comprising at least one 


813 


deoxyribonucleot 


structural formula 


814 


similar to 770 


815 


same as 749 


816 


same as 750 


817 


see claim 814 



566 
567 
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' ^nrH- 6 ^/ 16 ,^ made Up by nearl y ^gODal planar 
connected by P-C-P bridges with Au-P distances lying 
2-344(7) and 2.384(7) A. The P-Au-P angle are 
slightly distorted from the ideal 120° 6 

The environment of the gold atoms is displayed in Figure 1 
The geometty is close to ideal trigonal planar with P-Au-P 
angles rang* g ; from 114.7 to 124.9° for L(l), Tom U7 7 to 

the .LC for , Au (2'). The Au(l) atom is 0.034 A out of 

?S 091 A qU f %' P K ,an ^ thr ° Ugh ^ P atoms ' me Au(2') atom 
is 0.021 A out of the plane, whereas the other two gold atoms 

T,T ft thC Squares planf of tS P 

Sonstn T° nS fr ° m idMl 120 ° a ^ e and 
deviations from plananty are also observed in other trigonal 

planar ^co-ordmated gold complexes." In eac h molecule two 0 f 

a A\ j , 8 7116 planes m mo 'ecule 1 [gold atoms 
Au(l) and Au(2)] are tilted by a dihedral angle of 15?° 

nrZT n C ?™P™*™& P la n« °f the other molecule are 
nearly parallel wuh a dihedral angle of 1.1°. As a consequence 

S &TTf on ; S? rt A A ,V * * Au contac H are observed 

A for Au(l)-Au(2) and 3.050(1) A for Au(l')- 
Au^2 ) . Such short contacts are frequently observed in Au' 

tSESSJT Whe " the Au "™ «■ - seArt 

to 2.384(7) A (average: 2.358 A) and are in the same region as 
?t ST l°l 1 A ^ p ^nd^tainmg gold complexes.^." 
L r p k n ?? d ^ for 1,16 more usuaJ two-co-ordination 
A? ^h U ^° , "f ^ ? m / rkedly shorter (tyiAaMy «■ 2.25 
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Self-indicating Activated Esters for Use in Solid Phase Peotidp <z„ n *h • 
Fluorenylmethoxycarbonylamino Acid Derivative oT P Svnth «*.s. 
3-Hydroxy-4-oxodihydrobenzotriazine 

Eric Atherton, Linda Cameron. Morten Meldal, and Robert a Sheppard 
Labon ^ of Molecular Biology, Hills Road, Cambridge CB2 2QH, U.K. 



ZlkZt rep0n u dl i' 13 ' Pentafluorophenyl esters^ of fluor- 
enyhnethoxycarbonyl (Fmoc) amino acids (1) are efficient 

says soIid peptide synthe ^ und " p°« a 

S2E of^M h 5, ^u 1156 n0tabl y amplifies the 
weactiva^n 5 h3Se Sy, i thesis ^ avoidin S i^vidual 
S ^ to n th proced " res > a ° d Provides a particularly simple 
solution to the problem of automatic peptide synthesiser 
design. However, the additional u.v. absorption ntoduced 

soeSroSn W ^ ^ Uberated pheno1 makes q^titative 
spectroscop.c momtonng* of the acylation step more difficult 

ifL \ ^Penally the case when catalyst 

SSS^S* reaCtlVlty ° f the Pentafluorophenyl ester 
activ^H , We rep °? " 0W 3 new series of Fnioc-amino acid 
^ C e " WhlGh efficient in ^esis and 

wmcn otter an entirely new opportunity for non-destructive 



qualitative and quantitative monitoring of acylation reactions 
under continuous flow* J conditions reactions 
rfiSL ^ V h 0U r ab,e /cylating properties of esters of 3,4- 
d 1 hydro-3-hydroxy-4-oxo-l,2,3-ben 2 otria 2 ine, (HODhbt) (2) 

rhl r ^ gn,Z r d by K6nig and Gei 8 er in 1970,6 but no 
substantial application in solid phase synthesis has apparently 
been reported. We find that these esters of Fmoc-an5no acids 

Sid!?^f y J T ?T d 3n u arC generall y stabIe ^staUine 
sohds,t most of which may be stored at low temperature for 

nn 8 hh? n °5 T th °u Ut , si e nificant decomposition. Fmoc-De- 
ODhbt reacted with glycyl-polydimethylacrylamide resin* in 
dimethylformamide (DMF) at a rate closely similar to that of 

SSo^ mehin8 POintS ^ may be ° btained t™* 115 t0 M 




ICH 2 OCO-NHCHRC02H 




(1) 



(2) 



H.Val.GIn.Aia.Ala.He.Asp.Tyr. 



IIe -Asn.ay.OH 



(3) 



HOCK 



OCH 2 CO- N , e - po|ydinielhy(a 




»VQl.U u . Arg . Asn _ Pro> 



^PG.y.G I u.I, e . GIu . LysG|y0H 
(6) 



^'e.Ala.Gl u .i, e . Gly . Ala 
( 

H%.Lys.Ly,Ly s .c ys(Acfn) . Ser . 6(aSer 



Ser.Leu.Ile.Ly s .Hi s . Tr p. 0H 
(7) 



SecAspSer.Gly^e r . Tyr . 6|y 
(8) 

Aan = J-acetamidomethyl 



"the absence of dissolved basf^ remi »"»ed colours 

Jn 1116 Presence of 



OH 



J - CHEM. SOC chfiu „ 

CHEM * COMMUN., 



crylannide 




22£d1Sr* A d % T?W tid < « A quapor , 

"near S«L t "J?? 0 ^. 10 % A. After 2 m! i" 0 ™ 3 " 1 ' 0 a *<S I 

™onitoreda, 2 3 r 0 5 nIn m,n • *" »* " "Sfi ^ 

mmm 

15 (40); AJa-ne 10 on \ , (60 ^ Asp-Tyr, W f 40 v r£ i ); 

^ e aunng deprotection 

IU » aet achment was 92% 
J Remarkably thZ "777 - 



56 



CHEM. SOC, CHEM. COMMUN., 1986 



analysis; Gly. OoTri 91 n P , e K had 31111110 
Ota. 0.96; Val 0 94 After h ;7c ^ °- 91; ^ ^ 
conditio^ seeVeTIwL a^tT 15 ? 11011 V > for 

Asp, 1.96; He, L^^oT^tSfT^S L °°> 
A latter synthesis of the «™ ' ;Glu ' °- 98 : Val, 0.98. 

results using only 2 eouL of Dhhf gaVe satisfactorv 
valine (4 eLv no Z 15? CXCe P t for tie ^al 

acid derivatives should therefore h ?1 n] ', AU Fmoc - a «™o 
use in solid phase «^^^T SP ^ yp,uiBed before 
effective cha?n lenSSjS fn^T 0 * 6 (5) h an 
traces of contaminating SSo viSh« * eX ^ rinients . 
Formation of (5) is JLn^i^SS^^^ 
esters m a non-nolar solvent u J , P t on of the actiy e 
polar DMF, •tt%te^ fhr ? n) than in 
soluble, side chair T react £?'5 to ^ P"** 1 * 1 for the less 
glutamine. Almost cJmTlJ and 
preformation o ' thf SUppress,on of s ) is obtained by 
before J^J^^ 006 *"" 0 addu « 4 min 

vib^ — « 

employed in solid phase syXs^ev Jf"^ 
generally crystalline and alpSw^T ^ P ? P ^ 
exceptionally reactive J!£^S2^«£ 

denvauves of asparagine. glutamine! "ndar^S. P ^ f ° r "* 
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synthesisll with potential 'KST*^ 
shortly on the desien anH * e shaU re P<rt 

pepJe VnaJS^Sg^^ J ^ automated 

times are established individuaJW foS ^' Ch acylation 
the synthesis proceeds y chcOU P hn 8 reac tion as 

_ We are grateful to Mr R. Cotton (in pk 
Dmsion who first suggested to us thUr Pharmaceu ticals 
useful alternatives to pen taflun™? h ' sc esters night be 
phase synthesis. P entaflu orophenyl derivatives in solid 

Received, 4th August 1986; Com. WO 
References 

1983, p. 45. ' m3 ' Plerce Chemical Co. , Rockford 



i^^CSS s " oh •• - 1 Th ° m ' s T - «— * 



SSSTfiS T ^^e-nts in steroids 
compounds/s™n as cr ^ m ,reIy J t °. high| y saturated 
derivatives 1 or * le £ m Z "T^ dien ° ne and trienone 
ives.^ No re eS ch T P h Un . dS, \ SUch 33 e Poxy-derivat- 
sulphur-conLS • f thlS type has bee n ^ported for 

«-S££2K^^r of steroids - We now ' e P°« tha 

tives of 3-oxo^eS wh h ° f oxa *iolane deriva- 

^th copper(n 6 Sil ^ SatUrated "'^Pounds, 
1.3,5(10)-trie n ofl 2 W?h .« 8've 4- methyI . 19 . norchoI ; 
■ v "J.enoil^-ftjdihydroxathiine, (2a) 

atmoiane (la) (1 g) 0 f 5 a -choIestan-3-one and cop- 



■SSJfaSh ( Se 8 ' 5 ^ in di0Xane (4° «»0 was 
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Evaluation of a Kinetic Method for Prostatic Ariri Ph«o^„ + 

Substrate, 2,6-Dichloro^-Ni^ Phosphatase w,th Use of Self-Indicating 

Andre A. Valcour, George N. Bowers, Jr., and Robert B. McComb' 



itita- 
iltra- 

cium 
I Lab 



The purrty, spectra characteristics, and rate of nonenzymatic 
hydrolysis of 2,6-dichlorc-4-ni,rophenyl phosphate (DCNPP) 
were determined. Rates of DCNPP hydrolysis by prostatic 
and ^rocytic acid phosphatase 
(EAP) (both EC 3.1.3.2) were measured in the absence and 
.n the presence of various alcohols. 1 ,5-Pentanediol was the 
most effective transphosphorylation agent for specifically 
enhancing the activity of PAP. 1,4-Butanediol also enhanced 
PAP act.vity but markedly inhibited EAP activity. Bovine and 
human serum albumin preparations also accelerated the 
hydrolysis of DCNPP. DCNPP can be used for the oontinu- 
ous or multipoint-rate assay of PAP. 

Additional Keyphrases: alcohols and diols - albumin 
enzyme acuvity • prostatic tissue and erythrocyte anarys* 

rP„ 2 £ D K iChl0r0 if tr ° J phenyl P hos P h ate (DCNPP) has re- 
cently been ^introduced as a substrate for determination 

hydrolase (acid optimum); EC 3.1.3.2] in serum (12).* The 

«rM w du ? n f the at PH optimum of 
acid phosphatases in human serum has a high molar 
activity at 401 nm, a wavelength at wmch^opt- 
tometnc measurements are both convenient and specific 

phosphatase are hydrolyzed to products that exhibit litte 

seS ™ "* thuS th * SSL of a 

u e measurement - However, the hydrol- 
ysis of DCNPP can be monitored directly by a continuous or 

SSf !t Say ^A e ^ eSSaiy most ot her substrates In 
addition the DCNPP-based phosphatase assay Site 
ampler kinebcs and yields a more stable produrtth^does 
th kinetic method of ffilhnann and its modifilS (1 
ii) based on use of alpha-naphthyl phosphate-Fast Red 

cM^&rf 1 ^P 116 ^ 1 Phosphatase assays are not spe- 
cie for human prostatic acid phosphatase (PAP) this 

PhaSTApfi n ^^ tenmnatl0nS 0f total acid P hos - 
P«acase (fAP) and tartrate-insensitive acid phosphatase 



■ Jf"" "rrejpondeat. to tbi, author. 
^iTdoS sfrSS""! ■? C1 ?'' .W^r^rutro. 

*id phSkS' ST^ rf TIAP> ^^-insensitive 

Rerv vE'i Standard Reference Material, 

"eceived January 20, 1989; accepted March 17 1989 



<TIAP), PAP is calculated by difference (PAP = TAP - 
Here we report our studies on the analvtinai „ ^ 

^^£^£^^^ 

not cam^i^^S^^^^ -uhtote. did 

patients' sera £J?* hete ™g enei< y of the 

tase. The assay of tS^£S^T ° f add P^a- 
the fact that serum ^S^^S^S^fi 
tase activity after heat treatment which , «S P ?f ^ 

ated with the ■ItaStaESS^S? **vity is as Soci . 
preparations <m»S^Z£^^ t f^ 
«. of DCNPP to DCNP ana inorg^Xtte ^ 



Materials and Methods 

Phillipsburg NJOSsS ^ff Chemic al Co., 

Cross, Washington 0 ; DC 'fS^Z set^S ** 
purchased from Sigma Chemical C^%tT^ Was 
(lot no. 106F-0063) Unenucal Co -. St Louis, MO 63178 

«. serum was^S ^lo^t^ 
denature the samples, we incubated^m 2 

d/ed 6 ^^^^ Batchea of DCNPP were 
SS to w a U ♦ . Unde f reduced P ressure sub- 

M ft m Kari 

Inc., Westbury NY llSgS I ,fh? 1^ Iwtro »*»t» 
sium were Ssured X SSSwi U w POtaS " 
O^umentetion lA^lS^SkSSSS 
Calcium and magnesium were measured on anAA 475 

Stes, ?^i£ so ^^r eter 

a CMTin nS* . • Ch i onde w as measured with 

alyzer, Eastman Kodak Co., Rochester, NY 14650) The 
melting point of the dried materials was dete^ed "a 



were developed with . wil j™ Clmmatograrns 
and water (6M5/25 b, vTS sLr^ "** 

visible by eherr^ oi' ^Zt^ZT 7* 

a»ii£^ T - s 

cirJIS D H 55 S ° rPt, I i ?' 0f ^ ta 60 """eiL sodium 
ZfL P 1 "T del «™uied with a Car. Model 219 

«on wi mSSL^T »<*»• DCNP concentra. 

date blue c™ B W at fT"^" 1 ;' P^Pho^olyb- 
samples wSS^™!, t ° m ". a Fm * P"*™ th. 
than 10 ,Tr f ^ by Potation in 1.25 mol/L TCA 

Sulfonic acid was"^. SwedV;Ti 2 .T P !i tlMl ; 

water. Absorbanrp fl f son uuwea oy /iL of diluent 

incubatio Tr^^^T"?**" * ***** 
not interfere «** . , .^^^ediol, and TCA did 
method aSSay ° f morganic P^sphoms by this 

wlS 8 dS^a*ST". IT" ^-^Phy, 
DCNPP and DPNP a 1 to detect "npurities in both 

m^XShto^IX Parts of CIi3CN and 

an * p l ^^L,n 3 f U 4 ( P H 2.0) was pumped through 
hydrolysis: We determined the rate of 



) 



hydrolysis oi i)CNPP at 30 v 

prepared a set of sodium citrate hJ ,£ ion of P H - We 
PH values ranging C tRSfSf 60 
DCNPP stock solution (6 £^^ 10 ^« of a 
water were mixed with 250 uLnflJ? ° ^ of dih *nt 
the Cobas-Bio. The ii^tl^T ° ltrate buffer ^ 
measured after a 10 ™7n f u absorbanc e at 401 nm *Z 

Cobas-Bio. Fifty microliter If 0 25 m l ^^ ed 
ML of diluent water were mix ed w^ "P? ^ 10 
citrate buffer. The rate of ° ^ * "dinm 

DCNPP a t a ^ If^^^.^lysi^ 

absorptivityof DCW deterl^ * USmg ^ ""I* 

Acid phosphatase * Same * H - 
DCNPP at 30 -C WMS^ir^i^ 1 ^ of 
from Teshima et al m T ? Procedure modified 

mmol/L citrate P H 5 5 aid tS^I ^ aCtivi * * « 
citrate, 26.7 mmol^ ^ ^ ^ 60 ^ 

ture concentrations) The nm*V?- ^ reac tion-mi* 
tored at 401 nm ^"S^**™* ™* 
volved an initial 3-min incubating «? • f P rocedu re uv 
serum, 10 ^ of toJ^^E^ZF?"??? * ° f 
reaction was started by «dZ« r V ° f buffer " ^ 
and 20 M L of diluent water 6 DCNPP 

sured at 60-s intervals forio m?n Th. fi T'l^ Was mea ' 
of serum was 0.067 andfte S uwS &1 V ° lume fracti « 
final reaction ndto^"^"^^^ in the 

zymes. Water-soluble akohol, 2L • pbos P hatas e isoen- 

200 to 1000 mmol/L (Se^n^ TZngin ^ 
134 to 667 mmol/L) McohS^Z ^"^^ations, 
as 200 mmol/L JwS^^f ^ not 48 water ^olubl 
v The enzymatic Z^l^l*^ «ity. 
the Cobas-Bio by a modifiStion „fl? ^I^^^d with 
(10). Twenty n^^i^^^^ofJ^bsson 
water were mSeo hJ^S 2 ° ^ L ° f diluent 
strate. The final M^n ^ ° f buffer cont aining sub- 
substrate were ^ST^T^l* ° f buffe " ^ 
After a fixed V^b^SS^S^^ 
mixture was made allr a ii«^ ^ . C> the taction 

^ledJSS^^?^ Wb0le bl00d (i7 >- Plasma 

centrimgalS^^oT^^^^^^ 
itated erythrocytes were feed *ll °r X oc d ^ e precip - 
of Brij-35 surfactent fPwJfnu ^ ln a 2 ' 5 ^ /L solution 
in de-ionized 1 water I ♦^ nUCal - R ° ckford ' ^ 6110 « 
A 4 °C, 10 mxTand tb P ^ WaS centrif ^ d (15 000 x 
Lera voltes 0 f^^ • Pe ? ate WaS dial >' 2ed against 
PH 6.0). fieXiffST P h PhatB buffer (5 
aminoethyfSephad^^ a CoIumn of d *%l- 

^ the ^i^^^J — 
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30%^ ° f 288 - 3 - a value that appears to be 
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phosphate, 300 mmol/L NaCl, pH .0; insignificant 
amounts of acid phosphatase activity were removed with a 
further 600 mmol/L NaCl wash. The extract was concen- 
trated with an ultrafiltration apparatus equipped with a 
pM-10 membrane (Amicon Division, WR Grace & Co 
panvers, MA 01923). 

Results 

Characterization of Substrate and Product 

Both lots of DCNPP eluted from the HS-5 C 18 column as 
a symmetrical major peak followed by a second, smaller 
peak (Figure 1). The smaller peak had a retention time 
identical to that of DCNP. The completely hydrolyzed 
substrate was eluted as a single peak with a retention time 
identical to DCNP. There was no residual material with 
the retention time of the major DCNPP peak. Meticulous 
spectrophotometry at 401 nm and the assay of inorganic 
phosphate indicated that equal molar amounts of DCNP 
and phosphate were produced by the complete hydrolysis of 
DCNPP in 10 mmol/L NaOH. The yield of these products 
was 73.3% and 72.4%, respectively, of that calculated 
assuming that DCNPP was in the free-acid form. 

Because the pH of a 6 mmol/L DCNPP solution in 
de-ionized water is 2.73, it was reasonable to suspect that 
this material is in the free-acid form. We found negligible 
amounts of the common cations in either substrate or the 
reference standard DCNP preparations (Table 1). Contam- 
ination of these materials with water and free chloride was 
negligible. The fairly sharp melting points listed in Table 1 
suggest that both product and substrate are reasonably 
pure. However, preliminary analysis of the substrate by 
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Table 1. 

Composition, mg/g 
Water 
Sodium 
Potassium 
Lithium 
Magnesium 
Calcium 
Ammonia 
Free chloride 
Other characteristics 
Melting point, °C 
*m«. nm 

€, L*mol -1 - cm" 1 
Purity by HPLC, d % 

DCNP(s^ Fig 2r PP: a " ' 0tS VV6re C ° ntaminated With sma " amounts ° f 
nm tor DCNPP based on a relative molecular mass of 288.8 and 

Z!f1cnn a ^ Ve imPl f eSt 0th9r 6VidenCe (See Resul ® indicates ^ this 
material is not the pure free acid, in which case the ^ will be ann™ 

majely 30% higher than reported here. ™ " appr ° X '" 

nm ± 1 SD for DCNP lots from Aldrich and Toyobo 
Based on relative peak heights in Rg. 1 and estimates of DCNP concen- 
trations from external standards. 



rterials Analysis 




DCNPP 


DCNP 


<5 




<2 


<0.1 


<0.01 


<0.01 


<2 




<2 




<2 




<0.2 




<2 


<1 


152-154 


121-123 


292 


401 


45 a (61 00) 6 


15 370 ± 80 c 


98 


100 



to be 



0 Minutes 1Q 

% 1. HPLC of DCNPP and DCNP with detection at 205 nm 
£ DCNPP as received (Toyobo, lot no. 8176); 8, hydrolyzed DCNPP (Toyobo 
** no. 8121 A). A.U., absorbance unit 



thin-layer chromatography on silica gel indicated that it 
contained at least one contaminating organic component 
which may account for the discrepancy in product yield 

The H NMR spectrum of DCNP in d 6 -dimethyl sulfoxide 
(not shown) indicates that it is free of protonated organic 
contaminants. The spectrum has a single low-field reso- 
nance at 8.25 ppm, corresponding to the two symmetric 
protons on the aromatic ring of DCNP. On the other hand 
the spectrum of DCNPP has a sharp low-field resonance at 
8.25 ppm and a broader resonance at 7.96 ppm The 
spectrum also contains a complex set of resonances at high 
field (1 to 3 ppm), which correspond to approximately 18 
aliphatic protons and have a total integrated area that is 
double that of the aromatic protons. The aliphatic compo- 
nents) were not identified but probably correspond to an 
organic counter-ion to the DCNPP. 

Figure 2 depicts the ultraviolet-visible spectra of DCNP 
and DCNPP m 60 mmol/L sodium citrate, pH 5 5 The 
molar absorptivities under these conditions are listed in 
Table 1. There were no significant spectral differences 
between the lots of DCNPP or the lots of DCNP The 
spectrum of DCNP under these conditions is similar to that 
at pH 5.0 in acetate buffer (2). DCNPP has an absorbance 
maximum at 292 nm and little absorbance at 401 nm. 

Figure 3 shows the rate constant for the nonenzymatic 
hydro ysis of DCNPP at 30 °C as a function of pH. The 
hydrolysis of DCNPP is maximal when its phosphate group 
is fully ionized (pH >7) and the rate of hydrolysis at pH 5 5 
is 10-fold that at pH 3.5. DCNPP stock solutions held at pH 
3.2 and 4 °C underwent 0.05% nonenzymatic hydrolysis per 
day. The powdered substrate stored undesiccated at room 
temperature was slowly hydrolyzed to product (approxi- 
mately 0.4% per year). 

Method Development 

PAP hydrolyzed DCNPP 1.28 times as rapidly as 4NPP 
and EAP hydrolyzed DCNPP 0.58 times as rapidly. Tar- 
trate at a concentration of 60 mmol/L inhibited the 
DCNPP-phosphatase activity in the prostate extract by 
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Fig. 2. Spectra of substrate and product 
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Bg N 4 .^ffect of buffers (1 moW .) on PAP-cafalyzed hydrolys , , j 

(O). hydroxylase (xWuSS^^^V^ su «°« 
feme acid (*). Prelims " ™*» ^^Jmethyl-S-aminoetharra £ 1 

0.81.f»M. These oa ™rS ," "» 

hols US) accelerators are amino alec 

DCNPP-Phosphatases in Human Serum 

with prostate ertSSffffi WnaVa 
- 12) CV of 1.78% (mean - 23 tTSt . / ^t^-run (n 
CV (n = 12) rf 9 fti*7 U/L) and a b etween-day 

~ » vu iz; ot d.64% (mean = 23 6 U/n The dad 

had a withi n -run (n = 12) CV rfTaw 7 PAP assay 
and a between-day (n = 159 ^ 

(Figure 5), with the DCNPP-based TApTiT ^ 
both the oroatalt a and 4NPp -Pb-°sphatase activities of 

^^t^r?"^^ = °- 433i) - c °™ 

increKette S^WT^. 1 ™ 

«umt n S^D^t^f a rea , Cti ° n mbcture 
lar concentrations of DCNP id ^T^'^Z, 



Table 2. Activation of Acid Phosphatase by Alcohols 
Prostate extract 



Alcohol 

None 

Methanol 

Ethanol 

Ethylene glycol 

1- Propanol 

2- Propanol 

1 ^-Propanediol 
1 p 3-Propanediol 
Glycerol 
1-Butanol 

1.3- Butanediol 

1.4- Butanediol 
1-Pentanol 

1.5- Pentanediol 
1 ( 4-Pentanedioi 
1,2-Pentanediol 
2ft4fl-Pentanediol 
Cyclopentanol 
1-Hexanol 
1,2-Hexanediol 

1.5- Hexanediol 

1.6- Hexanediol 
2,5-Hexanediol 

1.4- Cyclohexanediol 
3-MethyM-butanol 
crs-1,2-Cyclohexane dimethanol 

1.5- Pentanediol and 1,4-butanediol 



Alcohol concn, - 
mmol/L 

667 d 

267 

667 d 

400 

267 

667 d 

400 

267 

400 

400 

667" 

267 
267 
267 
267 
267* 

c 

133 
400 
267 
133 
400 

c 

133 
267' 



Relative 
activity,* % 

100.0 
123.1 
120.7 
121.2 
139.3 
104.5 
147.8 
120,3 
100.9 
170.2 
147.8 
175.7 
163.9 
198.7 
120.6 
156.4 
104.9 
90.9 
133.7 
168.0 
151.8 
163.9 
108.5 
123.7 
155.0 
181.0 
214.0 



Alcohol concn/ 
mmol/L 

667 rf 

667 d 

667* 

667* 

267 

667* 

667 d 

667* 

400 

667* 

267" 
c 

133 

267 e 

667* 

267 

267* 

c 

267 

667* 

267 

267* 

267 a 



Erythrocyte extract 



^Assay performed at limit of solubility of these alcohols (<133 mmol/lj. 

Both buffers at a final reaction concentration of 267 mmol/L nirauan. 



267 fl 
267' 



Relative 
actlvtty, b % 

100.0 
143.1 
146.7 
145.1 
186.9 
105.1 
161.3 
121.9 
133.7 
151.2 
135.6 
5.5 
160.8 
123.3 
65.6 
288.6 
105.1 
42.7 
119.4 
174.2 
145.1 
160.4 
85.0 
92.4 
97.7 
91.6 
24.4 




too- ■ 



final 



««pp-Tap Actwtty cu/l) 

tad 5 ' Corre,ation of TAP activi *y with two substrates 

X^/'f 00 w j? out L^entanediol in either assay (O): y = 1.263* 

Sn^atln^rn^pp 3 °^>' with LS-pentanediol (267 ■ nwnol/Lft 
wn^ntratlon in DCNPP assay (+): y = 2 .502x + 3.225 U/L (n = 67, r - 

SnSl° n « f0r £ AP . (h ? Sh0wn) was similar exC8 P< * *» absence of a 
dio^in ^ S,tlVe b,3S ** int8rcept PAP COfre,ation vvithoat 1,5-pentane? 
°'0I in either assay: y = 1.298* + 0.342 U/L (n « 67 r =» 0 9961V wim 

(267 mmoUL> In DCNPP y 53 2 - 56 ^ + 0 094 ^ ( " - 



indicating that albumin is acting as a catalyst and not as a 

\ acceptor - ^ rate of albuinin-cata- 
lyzed DCNPP hydrolysis is independent of pH up to at least 




Albwtn Concentration (gn/U 

Fig. 6. DCNPP-based phosphatase activity of heat-denatured serum 

^tf 3 o^t aSed p ( h h 0S P. hatase ** vi * °f ^mm samples incubated 

v * + Z T a ' b r in M A nC8ntratl °n <* *» heat-treated sample: 
y = 1.63GX + 0.003 U/L (n = 59, r = 0.681 6) 
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Discussion 

offers a distinTSL? a r d !' 80 the 1186 of DCN PP 
substrates cuSlty °J e ' ""^ other 

hydrolysis produd DcSi! n f Pj 1 ?^^ (2-*). The 

at a convenient waSS S absorbance 
the stability of the Sored n r ^ ^ 06 ? f ^ ^ ^ 
the new assay that 2e nj £ ? ^ T qUe qualities °f 
offfillmannffi J i/S SjW™*^*^""'** 
can be obtained StZZ^tt^^ 
as judged by the analyst K, ( a! insistent quality, 
a simple, pure Material " ^ ** isnot 

indicate hat L exact aW f^ , Conversi °a ^es 
needs to be establS ^ ? muIa of ^ mat erial 

product yield is about S% less SP f at f ,the 
assuming the DCNPP if , 7 calculated, 
thin-laye'r ^^^JSr fre * f- ^ 
nance data suggest tSttM^f P ma gnet,c reso- 
for by one or rn^tl^^ 9 ^ Can be amounted 
ever,' we buT^^ST U0V " 

^.^P-Paration and 
unstable at pH s >3 T becau f e ^ Phosphate ester is 
cated and stored at 4 V ^ u Sh ° Uld 1)6 desic - 
shouldbematl^ioSnS ^.^/^ solutions 
PH. Kirby ^ S^Sw^S^? ^ 3 l0W 
enzymatic hydrolysis of th. ? w ' ^ rate of non - 
Phenols uJSSL ££U£g%£*? ° f , 
identified two distinct t™«f if ° f ^ pheno1 - ^ 
matic hych-IC 0 f *S? e f °f pH - rate P rofi k for nonenzy- 
iiyuroiysis ot phosphate esters If the r.;r ' „f «: 




Ho 7 Alh, • A """ ln Con ""*™*lo« <!»/L) 

MQ. 7. Albumin-catalyzed hydrolysis of nrwoD ^ 
of 0-4 g/L in the above fig!™ 3,198 0f ,lnal ^"'on concentraB 
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noted that an eauir™£, -Z ^ activity. It should bt 
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markedly inSbite EA^activ^ Tf ^T^ °j ^ but 

the albumin-associated Sw?^-^ 63 ^ 
assay to measure PApt * « \ beinJubited « a 
developed. m a sm S le "action might be 
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Blank correction by heat denaturation at 60 °C is imprac- 
tical, and acidified serum samples tend to gel at this 
I temperature. 

Despite the shortcomings of the TAP assay, DCNPP is an 
excellent substrate for the measurement of PAP as the 
tartrate-sensitive component of DCNPP-phosphatase activ- 
ity (PAP = TAP - TIAP). This procedure provides the 
same msensitivity to nonprostatic acid phosphatase 
isoenzymes, including the EAP isoenzymes and albumin 
as the 4NPP-based assay does. The inclusion of the trans- 
phosphorylation agent, 1,5-pentanediol, in the DCNPP 
assay specifically activates the PAP relative to EAP and 
doubles the sensitivity of the PAP assay. The simplicity 
high sensitivity, and precision of this new assay suggest 
that it may well become the PAP assay of choice in many 
laboratories. We believe that it may be possible to develop 
a candidate Reference Method for PAP, with DCNPP as 
substrate. A Reference Method might include 1,5-pentane- 
diol to increase sensitivity and 1,4-butanediol to inhibit 
EAP In addition, the substrate used in a Reference Method 
should be fully characterized and readily available from 
more than one source. Fortunately, an alternative supplier 
(JBL Scientific, San Luis Obispo, CA 93401) has synthe- 
sized DCNPP and is currently testing various lots How- 
ever, extensive studies of the DCNPP-phosphatase activity 
of albumin and the other isoenzymes of acid phosphatase 
found in patients' sera will be required before a candidate 
Reference Method can be rationally proposed. 
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DAIRY PRODUCTS 

RICHARD M. ROCCO 

M-rtU***^ ,„,, l000 mgUandAKi Nlediam He . ghu< ^ um 



ALpf ■ h , ' measureme "t of alka.lne phospha- 
tase (ALP) In dairy products use either phenyl phosphate or 
pheno, phthaIeln monopnospna , e as su Lra«e. P Q u r n m a t.on 
of results requires butano. extraction of the .ndo P h en0 l 

Si!?' Advanced Fluorophos* assay Is based on a 
selMndlcatlng substrate which, when acted upon by ALP 

corn™ P rt T a ' e rad,Ca ' and beC0mes 8 "■Bh.y'f.uoresctni 
3 m| P „T„ nd -r fate °' ,,UOr ° Ph0re ,0rmat,on ,s ionltoredto 
calculated. Eight laboratories participated In a collaborative 
2fi£*lT 'J! F,UOr ° PhOS ***** *» ^ermlnln alp 

Sli 2S T K Sk ' m m " k ' Ch ° C0,ate m " k < and ™ 
(half and half). The comparative method was the AOAC 

ZTm T7 Vl Ph ° SPhate m8,h0d ' 16-121-16 122 (14th 
at 0« o 1 ;r,o™" k WaS added t0 P as *""« d sam P ? s 
(v/vi ad'd J' S?* (V/V) " Me,h0d P^ormance at 0.1% 
d^ZlZ m i' k H aS , meaSUred by -P-'ablllty and repro- 
ducibility standard deviations (s, and s„) and relative sian- 

i i e -^ 7 n t (RSD ' r rsdr) - 

milk, s, - 21.7%, s R = 34.6%, RSD, = 4.4% rsd« = 7 nv . 

Hrc k ; Sr iV"*' * ■ 31 - 4% ' RSD - S, RSD° R =' 
5 3% S^SP* = 27 - 6% > S « - «-8% RSD = 
5 3/o, RSD« - 8.8%. The method has been adopted official 
«rst action by AOAC for determination of alkaline phosTha 
tase In whole milk, skim milk, and chocolate milk 



The measurement of alkaline phosphatase (ALP EC 

imkn^ " "1 10 3SSeSS the ^cteness of pasteur 
Ration ,„ dairy products for over 50 years (1). Current 

le^onophospkte^ 

th. sutrT^ SUbStratC » Q-tiSLS 
witn these substrates require isolation of the enzvmaticallv 
formed product from interfering turbidity i^StS^ 
photornetnc readings. Modifications of the phenyl phosph^ 

Quotation in the phenolphthalein mto^fl^d 

Received for publication March 8 1990 * 

approved interim oSfirst actio, ihZ r?" *"* t l The me,hod w " 
ods Board and was adop ted 0 ffic K, , , Cha,rm 1 f n ° f ">« Official Meth- 
Imernational Meetin^S^ -n' ?J* '°f th A0AC Annua, 
tion actions will be published in "Phi ? 0 ^ N ?" 0rleans - LA " 



^^^^^^ 

have served the dairy industry well and h ™ vT; ™ hods 

The purpose of the present study was to cnlE \ , 
examine a new fluorometric assay for ALP ,n C ° nabora < lvel y 

continuous and direct meJaiL™ 7 V /v. , permUs 
product from a ^£5^^^^ rCaC - i0n 
only 1 working reagent and £Z^^™i£SZ 

Collaborative Study 
milk ALP was conducted in 3 phases In ohase 1 JrK l,V 

aKUty^^,™ ° ry W3S all ° Wcd t0 P rocced until 

phase 2 ^ mCth0d WaS de ^trated in 

levds'of 4 3 hT T iH StUdy - ^ laborator y reived 4 
mHk as hM H? C ° ntainin 8 added ™« d ^rd raw 

dupHc'e Tor ttSTr"? WM ^ t0 assa ^ cach vial in 
assavS tn J , ^ f 4 aSSays P cr ,evel - Collaborators 

AoTcmS mCth0d and the 

P/iase 1— Reagents and Supplies 

^c^S^TTu supplics for the A0AC iwthfld 

were supphed to each collaborator. Phenol-free phenyl phos- 
phate, neutrahzed butanol, carbonate buffer, color deveCr 

of stock m the Associate Referee's laboratory. 

Phase 2— Samples and Data 

Six pool samples were prepared as practice samples at 0 
and approxnnately 0.05. 0.1. a „H r, J,, .f-f mplaiat ° 
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raw nulk in commercial, homogenized, pasteurized, whole 
milk. Two mL aliquots of the prepared pools were transferred 
to plastic : screw-cap tubes, frozen at -10°C, and shipped to 
the collaborators on dry ice by next day air courier. Samples 
1 and 2 were blind duplicates of whole, pasteurized whole 
milk to which no raw milk was added. Samples 4 and 5 were 
also blind duplicates, and each contained approximately 
0.1% (v/v) fresh mixed herd raw milk. Samples 3 and 6 
contained 0.05 and 0.5% raw milk, respectively. Collabora- 
tors were requested to run the samples in duplicate and to 
report their results. All practice samples were assayed in the 
Associate Referee's laboratory by the proposed fluorometric 
method prior to shipment. 

Overall means (mU/L) and standard deviations for the 
collaborating laboratories for phase 2 samples were as fol- 
lows data for the Associate Referee's assays in parentheses)- 
samples 1 and 2, 25.4 ± 5.3 and 28.8 ± 6.5, respectively (23 4 
± 7.7); samples 4 and 5, 585.3 ± 28.5 and 567 0 ± 74 6 
respectively (563.7 ± 11.9); sample 3, 306.1 ± 20.3 (290 3 ± 
5.9); and sample 6, 2758.5 ± 128.6 (2793.7 ± 1 1.8). Recov- 
eries by the collaborators for the 6 samples ranged from 98 7 
to 123.0%. 

Phase 3 Samples 

Samples for the main phase of the study were prepared in a 
similar manner to those for phase 2. Fresh mixed herd raw 
milk was added to commercial, pasteurized, homogenized, 
whole milk; skim milk; chocolate milk (0.4% fat); and half 
and half cream (1 1% fat) at 0 and approximately 0.05, 0.1, 
and 0.2% (v/v) added raw milk. Each of the 8 laboratories 
received each level of product as blind duplicates and was 
asked to assay each vial in duplicate for a total of 4 assays per 
level by each method. Test portions were shipped frozen to 
the collaborators on dry ice by next day air courier. Collabo- 
rators were instructed to maintain the products at -10°C in 
a freezer until analyzed. Samples were allowed to thaw at 
room temperature and then were mixed thoroughly before 
sampling. 

Prior to shipment, each pool sample was assayed in the 
Associate Referee's laboratory by the fluorometric method 
and by the AOAC phenyl phosphate method, 16.121-16.122 
Means (mU/L) and standard deviations of triplicate assays 
by the fluorometric method at the 4 prepared levels (0, 0.05 

0 1 and 0.2% added raw milk) were: whole milk, 10.8 ±3 1* 

1 i" 5, 468,0 ± 30 - 6 ' 909 - 4 * 38 - 5 = skin > 12-2 ± 
2.5 241.0 ± 19.3, 475.0 ± 33.1, 932.2 ± 57.5; chocolate 
milk, 7.6 ± 6.8, 264.5 ± 31.6, 480.9 ± 57.6, 983 4 ± 77 5- 
cream (half and half), 0.0, 188.9 ± 19.1, 377.0 ± 32.8, 694 6 
±116.4mU/L. 

Alkaline Phosphatase Activity In Fluid Dairy Products 

Fluorometric Method 

First Action 

(Applicable to whole milk, skim milk, and chocolate milk) 

Method Performance: 
Whole milk 

h = 21.7; s R = 34.6; RSD r - 4.4%; RSD R = 7.0% 
Skim milk 

Sr = 19.2; s R = 31.4; RSD r = 3.8%; RSDr = 6.2% 
Chocolate milk 
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A. Principle 

Alkaline phosphatase (ALP) activity in fluid dairy prod- 
ucts is measured by continuous fluorometric direct kinetic 
assay. A nonfluore.cent aromatic monophosphoric ester sub- 
strate undergoes hydrolysis of its phosphate radical and t 
converted to a h ghly fluorescent product. ALP activiy 
measured m mU/L at 38" during 3-min read time. One Un 

? £t T7 °! Cn2ymC that rataly2es ^formation o 
1 micromole of substrate/min/L of sample. Because of the 
low levels of ALP in finished dairy products resulu Irl 
reported in milliUnits/L (mU/L). 6 

B. Apparatus 

Items (a)-(d) are available as Fluorophos* Test System 

SSSSfSST Inc - 1000 Highland Avc ' Necdham 

(8 J u F i U A° r TfJ er -~ Flhei nuorome "* with thermostatted 
cuvet holder held at 38 ± 0. 1 • and right angle optics. Excita- 
tion 439 nm and emission 560 nm. Fluorescence output is 
monitored through analog-to-digital converter into program- 
mable calculator with built-in thermal printer for automatic 
calculation and pr.nting of results. Alternatively, results may 
be calculated manually as in H. 

(b) Cuoets.— Disposable, nonfluorescent glass 12 X 75 
mm, round. 

(c) Pipettors.-Fxxcd volume, 2.0 mL reagent dispenser 
and positive displacement pipettor at 0.075 mL 

(d) /^utoorWocA:.-20-weUdrybathsetat38 o forDre- 
incubation of substrate. 

C. Reagents 

Items (a)-(dj are available as Fluorophos ALP Test Kit 
(Advanced Instruments Inc.). 

(a) SubstraU ^-Fluorophos, 36 mg, freeze-dried in 60 
mL glass vials. Stable 1 year at 4°. Fluorophos substrate is 
water-soluble, nonfluorescent aromatic monophosphoric 
ester, wh.ch ,s stable 1 year when freeze-dried and stored in 
glass vials. Exercise normal precautions for handling labora- 
tory reagents. 

(b) Substrate diluent.— Diethanolamine (DEA) buffer 
pH 10.0, 2.4M. Stable 1 year at 4°. 

(c) Working substrate.-Add 1 vial substrate diluent, 

2 m I , (36 mg) substrate ' (»)• Mix well by inversion. 
Stable 4 weeks at 4° and 8 h at 38°. Sufficient for 30 tests 

(d) Working calibrators.— Fluoroyellow* (FY) in DEA 
buffer. Calibrator A, 0 /tM/L of FY; calibrator B, 17.24 X 
10-J (iM/L of FY; calibrator C, 34.48 X lO"* M M/L of 
dephosphorylated aromatic fluorescent product of the enzy- 
matic reaction. Stable 1 year at 4°. 

D. Sample Preparation 

Use positive displacement pipet to take 0.075 mL aliquot 
from well-mixed portion of fluid dairy product. 

£ Calibration 

Each type of dairy product being tested requires its own 
calibration curve. Calibration curves are stable and need only 
be run when lot of reagents changes. Calibrators and sub- 
strate reagent lots are matched and should not be inter- 
changed. 

Dispense 2.0 mL of calibrators A, B, and C, each in dupli- 
cate, into labeled 12X75 
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Table 1. Collaborative results for fluorometrlc 
determination of ALP activity (mU/L) In whole milk 

Level* 



Coll. 



h!?* 6 , 2 " II Co,l f bora «ve results for fluorometrlc 
determination of ALP activity (mU/L) In skim mm. 

Level" 



10 



20 



30 



40 



50 



60 



80 



90 



Mean 



0 


0.05% 


0.1% 


0.2% 


6.1 


270,9 


449.5 


726.7 


O.l 


246.3 


400.3 


628.2 


18.4 


221.7 


461 Q 


o43.7 


12.3 


190.9 


418.8 




15.4 


277.9 


509.5 


1019.1 


10.4 


277.9 


501.8 


1011.4 


15.4 


254.7 




980.5 


15.4 


270.2 


501 ft 

JU I.O 


lUbo.o 


13.6 


246.4 


499.7 


972.5 


6. a 


253.3 


499.7 


958.4 


13.6 


253.3 




944.7 


6.8 


253.3 


45ft 7 


1040.0 


13.5 


270.8 


528.1 


995.4 


13.5 


291.1 


541.7 


1036.0 


13.5 


277.6 


5^4 Q 
3w*r.a 


1029.2 


13.5 


284.4 


507 fl 


1049.5 


15.9 


263.2 


466.6 


961.3 


1 1.9 


275.2 


510.5 


985.2 


7.9 


243.3 




no ■* o 
30 1,2 


3.9 


267.2 


59fi 5 


lOOO. 1 


6.0 


213.1 


523.6 


956.0 


iO O 

lo.2 


207.0 


554.1 


901.2 


11.9 


280.5 


501.4 


y /o.u 


11.9 


262.6 


501.4 


883.4 


10.5 


252.9 


490.0 


980.0 , 


5.2 


252.9 


511.0 


964.2 


15.8 


252.9 


490.0 


1001,0 


15.8 


247.6 


479.4 


964.2 


6.2 


243.8 


487.6 


912.8 


6.2 


250.0 


475.1 


881.5 


14.4 


267.0 


476.3 


1104.1 


14.4 


281.4 


548.4 


1118.6 


11.7 


256.2 


494.6 


960.2 



* Amount of added mixed herd raw milk. 

0.075 mL (75 fiL) sample of well mixed dairy product. Dairy 
product need not be prewarmed. 

Gently invert all cuvets to mix contents and return cuvets 
to incubator block. Starting with calibrator A, perform fol- 
lowing calibration routine. Set fluorometer to zero fluores- 
cence with calibrator A and then read and record amount of 
fluorescence obtained with calibrators B and C against cali- 
brator A (0 mM/L). Wipe outside of cuvet with tissue paper 
before placing in fluorometer. 

When calibration is completed, proceed with analysis of 
samples. 

F. Determination 

Bring 2.0 mL working substrate in labeled 12 X 75 mm 
cuvet to 38° by placing cuvet in dry bath incubator block. 

Add 0.075 mL (75 M L) well mixed sample to substrate. 
Immediately mix by gentle inversion, wipe outside of cuvet 
with tissue paper, and place cuvet in fluorometer. Wait 1 min 
for temperature equilibration, then record rate of increase in 
fluorescence (F/min) over next 2 min. Record F/min for 

each samnlp and 



Coll. 



0.05% 



0.1% 



10 



20 



30 



40 



50 



60 



80 



90 



Mean 



0.2% 



12.6 
12.6 
6.3 
6.3 

6.8 
13.7 
20.6 

6.8 

5.9 
5.9 
11.9 
5.9 

17.9 
17.9 
11.9 
11.9 

10.7 
10.7 
14.3 
14.3 

15.7 
15.0 
20.5 
15.4 

14.4 
14.4 
9.6 
14.4 

11.4 
17.1 

5.0 

5.6 

11.9 



272.9 
279.3 
304.7 
260.2 

268.5 
282.2 
254.7 
261.6 

257.9 
251.9 
287.9 
275.9 

250.7 
268.6 
274.6 
280.6 

268.2 
253.9 
253.9 
250.3 

257,0 
251.7 
210.5 
195.1 

260.7 
270.3 
255.9 
280.0 

268.6 
274.3 
264.0 
247.1 

262.3 



545.9 
501.5 
526.9 
520.5 

537.0 
523.2 
502.6 
550.8 

497.9 
491.9 
497.9 
503.9 

519.4 
513.4 
537.3 
549.2 

518.6 
490,0 
486.4 
490.0 

487.8 
445.8 
446.8 
421.1 

531.1 
492.4 
521.4 
492.4 

543.0 
548.7 
505.5 
505.5 

507.6 



1079.2 
1066.5 
1022.1 
1053.8 

1053.4 
1067.1 
984.5 
984.5 

947.9 
947.9 
1043.8 
1055.8 

1050.8 
1026.9 
1074.7 
1086.6 

933.6 
962.2 
919.2 
958.6 

949.4 
933.7 
883.4 
816.6 

1013.9 
970.5 
960.8 
956.6 

1017.4 
1040.2 . 
971.8 
994.3 

994.6 



a Amount of added mixed herd raw milk. 
G. Controls 

(a) Negative control,— Include a negative control with 
each batch of samples. Heat 5 mL dairy product to 95° for 1 
min, followed by rapid cooling. 

(b) Positive control.— Include a positive control at or 
close to decision level with each batch of samples. Add 0.2 
mL fresh, mixed herd, raw milk to 100 mL sample that has 
been heated to 95° for 1 min. 

(c) Interfering substance . control— Perform interfering 
substance control test on all dairy products being tested, 
including flavored milk. When 0.075 mL dairy product is 
added to 2.0 mL zero calibrator (instead of working sub- 
strate) and this sample is run as a test, no ALP activity should 
be observed during the 2-min measurement period. 

(d) Microbial ALP control— 1{ test for ALP is positive, 
heat sample for 30 min at 62.8°, and retest for ALP. Any 
residual activity is caused by microbial ALP. 

H. Calculations 
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Table 3. Collaborative results for fluorometrlc 
determination of ALP activity (mll/L) In chocolate milk 



Level* 



Coll. 


0 


0.05% 


0.1% 


0.2% 


10 


21.8 


276.2 


$66.9 


1112.1 




21.8 


276.2 


530.6 


1053.9 




C l*Q 


97R 9 


040. I 


man 






9**A A 


%QR fl 
090. 0 




20 


10.0 


267.0 


523.8 


1027.2 




10.2 


267.0 


513.6 


1027.2 




10 9 


OUO. 1 


t^RA R 


1 1 1Q ft 
1 1 19.0 




10 9 


977 1 


HA R 
O04.O 




30 


8-4 


254.3 


508.6 


1000.3 




8.4 


254.3 


483.2 


991.8 






971 0 




33 l.O 




8.0 


9*\A 1 




IUOO. 1 


40 


8.8 


284.2 


639.5 


1137.0 




8.8 


293.1 


639.5 


1145.9 




26.6 


°fl4 9 


7 






17.7 


293.1 




10Q9 R 


50 


4.8 


271.5 


460.7 


969.9 




4.0 


247.3 


460.7 


960.2 




4.8 


919 1 


ARfi 1 


5»nU.O 




4.0 


9A9 A 


AO A R 




60 


0.0 


249.7 


499.4 


1013.5 




0.0 


235.0 


514.0 


998.8 




7.0 


276.3 


538.5 


1006.2 




7.0 


262.2 


510.2 


942.5 


80 


19.5 


247.5 


495.1 


977.3 




6.0 


273.6 


521.2 


970.3 




6.5 


247.5 


469.1 


983.8 




6.5 


241.0 


495.1 . 


944.7 


90 


7.4 


251.8 


488.8 


970.2 




7.0 


237.0 


466.6 


985.0 




0.0 


247.1 


486.8 


973.7 




0.0 


239.6 


501.8 


981.2 


Mean 


9,8 


262.8 


521.3 


1020.2 



* Amount of added mixed herd raw milk. 



brators B and C read against calibrator A set to zero fluores- 
cence on fluorometer. 

Record increase in fluorescence of sample as AF/min. 

To calculate ALP enzyme activity, mU/L t calculate 
Mmoles FY formed per minute by 0.075 mL sample by using 
fluorescence reading of calibrator B, which contains 3.448 X 
10~ s /xMFY. 

MM FY/min/0.075 mL 
= [(AF/min/0.075 mL sample)/F of calibrator B] 

X (3.448 X 10" 5 ) 

■ To calculate /imoles FY formed by 1 L sample, multiply 
result obtained above by 13333.3, and then multiply that 
value by 1000 to convert to mU/L. In summary, 

ALP activity, mU/L 
= [(AF/min/0.075 mL sample)/F of calibrator B] X 459.7 
Ref.: JAOAC 73, November/December issue (1990). 



Table 4. Collaborative results for fluorometrlc 
determination of ALP activity (mU/L) In cream (half and 
half) 



Level* 



Coll. 


0 


0.05% 


0 1 % 

U. 1 A) 


0.2% 


10 


6.4 


134.9 


314.8 


571.9 






128.5 


327.7 


539.7 




R A 
0.4 


160.6 


340.5 


610.4 




R A 
0.4 


147.7 


340.5 


616.8 


20 


9.0 


101.8 


305.4 


444.2 






120.3 


323.9 


509.0 




1A t\ 
10.3 


157.3 


397.9 


536.7 






138.8 


444.2 


573.8 


30 


7.0 


179.6 


337.8 


558.1 




7 1 


154.2 


337.8 


521.4 




•\A R 
14.0 


198.2 


403.9 


712.3 




•\A R 


212,9 


352.5 


903.3 


40 


7.2 


137.1 


310.3 


505.1 




7 O 


137.1 


281,4 


541.2 




"iA A 


i«.y 


281.4 


497.9 




7 9 


1 15.4 


360.8 


519.6 


50 


4.9 


132.5 


319.0 


520.2 




a n 

4.U 


-1 CO -1 

152.1 


289.5 


500.6 




y.o 


171.7 


279.7 


677.2 




A Q 


157.0 


274.8 


652.7 


60 


6.3 


195.6 


359.7 


845.7 




6.3 


201.9 


429.1 


858.3 




6.5 


209.6 


412.7 


917.2 




6.5 


235.8 


465.1 


818.9 


80 


0.0 


145.2 


262.5 


497.0 




0.0 


167.5 


268.0 


474.7 




11.1 


150.8 


279.2 


541.7 




5.5 


145.2 


284.8 


558.5 


90 


7.0 


118.9 


267.6 


639.3 




7.4 


170.9 


267.6 


602.1 




6.0 


129.6 


265.8 


635.4 




6.4 


155.6 


278.8 


629.0 - 


Mean 


8.0 


156.0 


327,0 


610.3 



* Amount of added mixed herd raw milk. 



study for the pool milk samples by the fluorometric proce- 
dure; Table 6 gives the collaborative results for the AOAC 
method. 

Table 7 lists the means and statistical summary of the 
results obtained in the collaborating laboratories on the 16 
different pools of milk. The major focus of the study was to 
examine the reproducibility of the fluorometric method, es- 
pecially at the 0.1% (v/v) or 1.0 Mg phenol/mL ALP activity 
level. Reproducibility among laboratories (relative standard 
deviation, RSDr) for the whole milk, skim milk, and choco- 
late milk samples at this level ranged between 7.0 and 8.8%, 
which is acceptable. The greater variation (18.1%) for cream 
samples at this level may be attributable to the difficulties 
encountered with the cream pool, which contained 11% fat 
content. The thawed samples did not become adequately 
resuspended into a homogenous sample. ALP is known to 
adhere to fat globules, and this may account for the lower 
recovery in the cream samples. 

A total of 8 pairs of test results for the AOAC ALP method 
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Table 6. 



Collaborative resu.ls for determ.nat.on of a.kal.ne phosphatase as aa oh- 

— method 16.121-16 fig ^ pheno,/mL ««"° dairy products by AOAC 



Level, %* 



Laboratory 



10 



20 



30 



40 



50 



60 



80 



90 



Whole milk 



Material 
mean 



0.05 



0.1 



0.2 



0.00 
0.15 
1.60* 
1.08* 

0.00 
2.10 
2.00* 
3.00* 

1.72 
1.00 
0.35* 
0.50* 

3.00 
3.30 
2.40* 
3.70* 



0.00. 
0.00 
0.00 
0.36 

1.60 
1.46 
1.20 
1.00 

2.10 
2.00 
2.46 
1.90 

5.00 
5.20 
2.90 
2.80 



0.03 
0.00 
0.00 
0.03 


0.00 
0.00 
0.00 
0.00 


0.30 
0.30 
0.50 
0.50 


0.00 
0.00 
0.00 
0.00 


0.20 
0.25 
0.20 
0.25 


0.10 
0.06 
0.00 
0.00 


0.74 
0.72 
0.65 
0.71 


0.55 
0.70 
0.75 
0.90 


0.70 
0.60 
0.80 
0.80 


0.56 
0.00* 
0.80 
0.26 


1.20 
1.00 
1.00 
0.90 


0.76 
0.86 
0.52 
0.35 


1.19 
1.15 
1.45 
1.46 


1.25 
1.40 
1.60 
1.72 


ND C 
1.30 
1.30 
ND 


0.86 
0.00* 
1.36 
0.52 


1.90 
1.90 
1.50 
1.55 


1.20 
1.24 
1.28 
1.28 


2.38 
2.38 
2.64 
2.64 


2.50 
2.85 
3.20 
3.30 


1.30 
1.00 
2.20 
2.20 


0.00* 
ND 
1.32 
1.48 


3.50 
3.50 
3.10 
2.80 


2.50 
2.54 
2.16 
2.00 



0.11 



0.83 



1.46 




level, %' 
0.1 



0.2 



0.05 



0.1 



0.2 
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Laboratory 



1990) 



847 



0.05 



0.1 



0.2 



10 

1.18 
0.82 
0.00* 
0.10* 

1.74 
1.74 
0.70* 
1.50* 



20 


30 


40 


50 


60 


80_ 


2.16 
1.88 
1.44 
1.86 


0.82 
0.84 
1.04 
1.01 


0.75 
1.00 
1.15 
1.30 


0.60 
0.40 
1.00 
1.00 


0.58 
0.00 
0.18 
0.04 


1.40 
1.40 
1.30 
1.20 


4.56 
4.00 
2.62 
3.10 


1.75 
1.75 
1.89 
1.84 


1.90 
2.27 
2.60 
2.90 


2.20 
2.20 
1.60 
1.60 


1.70 
1.00 
0.52 
0.56 


2.60 
2.45 
2.30 
2.35 



90 

1.28 
0.98 
0.94 
1.00 

2.00 
2.08 
ND 
ND 



Material 
mean 



1.02 



Chocolate milk 



2.14 



0.00 
0.00 
0.00 
0.00 


0.00 
0.00 
0.36 
0.00 


0.00 
0.00 
0.10 
0.20 


0.00 
0.10 
0.00 
0.10 


0.20 
0.86 
0.00* 
0.90* 


0.60 
0.40 
0.50 
0.60 


0.17 
0.21. 
0.30 
0.37 


0.44 
0.54 
0.72 
0.72 


0.80 
0.00* 
0.05* 
ND 


1.30 
1.10 
1.02 
0.90 


0.47 
0.24 
0.62 
0.67 


0.75 
1.12 
1.50 
ND 


2.30 
0.00* 
0.00* 
0.00* 


2.84 
2.84 
1.60 
1.00 


0.84 
0.97 
0.85 
0.78 


1.20 
1.44 
2.16 
ND 



0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.40 
0.40 

0.00* 
1.10 
0.40 
0.40 

0.00* 
0.00* 
1.20 
0.80 



0.00 


0.20 


0.02 


0.00 


0.25 


0.10 


0.00 


0.30 


0.10 


0.00 


0.30 


0.00 


0.10 


0.60 


0.40 


0.28 


0.70 


0.40 


0.04 


0.55 


0.14 


0.04 


0.70 


0.12 


0.44 


0.85 


0.48 


0.26 


0.95 


0.70 


0.00* 


0.90 


0.66 


0.00* 


1.30 


0.50 


0.66 . 


2.05 


1.40 


0.86 


2.05 


1.90 


0.34 


1.75 


1.24 


0.34 


1.90 


0.98 



Cream (half and half) 



0.07 



0.38 



0.78 



1.40 



0.00 
0.00 
0.00 
0.00 

0.15 
0.10 
0.00* 
0.04* 

1.25 
0.90 
0.00* 
1.40* 

2.30 
0.00* 
0.52* 
1.12* 



0.00 
0.00 
0.20 
0.00 

0.34 
0.40 
1.28 
1.00 

1.88 
1.06 
1.80 
1.74 

4.80 
2.16 
3.20 
4.26 




0.07 
0.09 
0.18 
0.18 

0.94 
0.87 
0.95 
0.89 

1.36 
1.33 
1.57 
1.45 

2.84 
2.74 
2.99 
3.08 



0.12 
0.12 
0.84 
0.55 

0.80 
0.70 
1.40 
0.97 

1.35 
1.42 
2.10 
1.90 

2.55 
2.52 
3.56 
2.95 



0.00 
0.00 
0.30 
0.70 

0.70 
0.80 
0.50 
0.50 

1.20 
1.20 
0.90 
0.90 

2.00 
2.20 
1.50 
1.50 



I Amount of added mixed herd raw milk. — 
<N^^^ n0t ,nC,Uded ln -lysis by Grubbs test. 



0.36 
0.48 
0.30 
0.14 

0.40 
0.70 
0.00* 
0.00* 

1.36 
1.50 
0.86 
0.74 

2.20 
2.40 
1,90 
0.09* 



0.30 


0.10 


0.30 


0.00 


0.40 


0.00 


0.70 


0.00 


0.90 


0.40 


0.90 


0,02* 


1.00 


0.52 


1.50 


0.60 


0.06 


1.20 


1.50 


1.28 


1.65 


1.20 


2.05 


1.24 


3.05 


1.80 


2.90 


2.00 


3.05 


2.00 


3.00 


3.56 



0.20 



0.75 



1.33 



2.68 



Sir t h StatiStiCal 0Utlicrs for ^tory 60 ap- 

b ? Cn b * thc laborat °ry incorrectly ruS- 

mn 8, and "Porting the wrong samples. 

dairT ""T " VaIUCS f ° r the blank sam P Ies (kvel 1) in the 4 
dairy products testcd ranged ^ » l > m U,e4 

rani „f ,« g n P n ^ m o L ' the fluoror ^ method gave a 
2w ° t0 262 - 8 mU/L ' Which indi «** good dis- 

.■^fafrdd^p.od^Atthcc.t.tf^rf.,,^. 



S C ° f H; 6 , ™ U / L f ° r the Wh0lc milk . 507.6 for the 
arTplS at Z . J *" ^ chocola te milk. The cream 
samples at this level gave a mean of 327.0 mU/L. In all 4 
products, response was linear for the fluorometric' assay w th 

rFigTre n i). C ° nCentratl0n ° f ^ ^ fr0m 005 10 °- 2% Wv) 
Summary 
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Table 7. 



Produ ct 

White 
milk 



Skim milk 



Chocolate 
milk 



Cream 
(half and 
half) 



CCO: J. ASSOC. OFF. ANAL CHEM. (VOL. 73, NfP 



'990) 



Fluorometrlc method, " ' ' 

ALP activity, mU/L AOAC method, 

" ALP value, Mgphenol/mL 



Level 


Mean 




RSD r , % 


Sr 


0 

0.05 

0.1 

0.2 


11.7 
256.2 
494.6 
960.2 


4.3 
19.9 
21.7 
64.3 


36.9 
7 fl 
4.4 
6.7 


4.3 

oo o 
Z3.3 

34.6 

101.7 


0 

0.05 

0.1 

0.2 


11.9 
262.3 
507.6 
994.6 


3.9 
16.5 
19.2 
38.7 


33.2 
0.3 
3.8 
3.9 


4.5 
20.7 
31.4 
64.6 


0 

0.05 

0.1 

0.2 


9.8 
262.8 
521.3 
1020.2 


4.4 
12.8 
27.6 
30.6 


45.9 
4.9 
5.3 
3.0 


7.8 
18.9 
45.8 
64.2 


0 

0.05 

0.1 

0.2 


8.0 
156.0 
327.0 
610.3 


4.3 
18.5 
34.0 
76.2 


54.7 
11.9 
10.4 
12.5 


5.4 
32.6 
59.1 
133.6 



RSDr, % Mean 



36.9 
9.1 
7.0 

10.6 

38.3 
7.9 
6.2 
6.5 

80.9 
7.2 
8.8 
6.3 

67.8 
20.9 
18.1 
21.9 



0.11 
0.83 
1.46 
2.70 

0.07 
0.60 
1.02 
2.14 

0.07 
0.38 
0.78 
1.40 

0.20 
0.75 
1.33 
2.68 



0.08 
0.37 
0.24 
0.60 

0.21 
0.20 
0.21 
0.45 

0.07 
0.17 
0.24 
0.46 

0.19 
0.26 
0.40 
0.60 



76.3 
45.4 
16.7 
23.1 

219.0 
33.9 
21.4 
21.7 

77.0 
42.9 
31.8 
31.7 

84.3 
37.6 
30.9 
23.0 



0.16 
0.41 
0.42 
0.97 

0.24 
0.29 
0.51 
0.88 

0.10 
0.24 
0.33 
0.72 

0.24 
0.35 
0,42 
0.79 



146.3 
49.7 
29.6 
37.6 

240.0 
47.7 
50.6 
42.0 

109.0 
60.0 
44.2 
49.3 

104.3 : 
51.7 
32.1 
30.0 



E 

in 
c 
o 

CD 

J3 
O 




0.00 



0.05 



0.10 



0.15 



Raw Milk Added, % (v/v) 



0.20 



milk, 0 = skim milk, O = 



whicWav^ Peata ? 5? ^P"* 1 10 the AOAC method 
whoSS J 6 \°J 16 - 7 " 31 - 8 % to the same samples of 
whole mtfk, skim milk, and chocolate milk. P 

viatrS )l ^T 1 ^ 0 "' 0 ^ rdative st ^ard de- 
assay may help account for this improvement. Collaborators 



cream will require using freshly prepared samples. 
Recommendations 

me S for " ^T* ° fficiaI first acti ° n "» a new 

method for measurement of ALP in whole milk skim milk 
and chocolate milk; and (2) that further colla^ttl"£ 
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be conducted to assess the suitability of this method for other 
dairy products including cheese, whey, and cream. 
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Kjeldahl Method for Determination of Total Nitrogen Content of Milk: Collaborative Study 
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A macro-Kjeldahl procedure using a copper catalyst for de- 
termination of milk total nitrogen was developed for both 
traditional and block digestor/steam distiller equipment, and 
the performance was evaluated by collaborative study. In the 
first trial of the collaborative study, 9 pairs of blind duplicate 
milk samples were analyzed for total nitrogen and total 
nitrogen was converted to "protein" by using a factor of 6.38. 
Protein content of milk samples ranged from 3.086 to 
3.610%. in the first trial, Sr and R values for the block 
digesters were Influenced significantly by protein concentra- 
tion; %, and R values were not Influenced by protein concen- 
tration for traditional equipment. It was hypothesized that 
total digestion time for some block dlgestors In the first trial 
was not sufficient for high protein milk samples. Thus, a 
second trial was undertaken with boiling time after clearing 
ncreased by 0.5 h. In the second trial, none of the parame- 
ters for reproducibility with either type of equipment were 
nfluenced by protein concentration. It was concluded that 
laboratory-to-laboratory differences In line voltage may re- 
quire different total digestion times In different laboratories, 
particularly those using block dlgestors. The Kjeldahl method 
using a copper catalyst and either traditional or block diges- 
ter equipment for determination of milk total nitrogen has 
been adopted official first action by AOAC to replace method 
"20,105. 



Dairy farmers in some regions of the United States are paid 
on the basis of both the fat and protein contents of their milk 
or receive bonus payments for high milk protein content. 



protein determination that accurately measures protein. In- 
frared milk analyzers, now in commercial use by the dairy 

Ztnw,T* .Vu 1 ^^ t0 prcdict thc P rotcin ^ent of 
milk [972.16 15th Ed. (1)] based on infrared light absor- 

bance at 6.465 ^m wavelength by the N-H bonds within the 
protein Data from an accurate reference method for milk 
protein determmation is necessary for proper calibration of 
mlrared milk analyzers. 

The Kjeldahl method measures nitrogen and from the 
nitrogen content of a sample the protein content can be 
estimated. The Kjeldahl method has been widely studied (2- 
14) Many researchers have attempted to substitute reagents 
(3-7, 10, 1 1), vary reagent quantities (5, 8, 9, 12, 13), and 
optimize digestion parameters (8, 9, 12-14) to improve the 
test accuracy, decrease testing time, and eliminatehazardous 
chemicals (e.g., mercury) that have a detrimental impact on 
the environment. 

The Kjeldahl method uses an acid digestion to release 
bound organic nitrogen and retain it as ammonium sulfate 
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We characterized six self-indicating substrates, synthe- 
sized as the derivative compounds of acetylphenyl phos- 
phate, for serum prostatic acid phosphatase (PAP) activ- 
ity. One of the substrates, 2.6-dichioro-4-acetylphenyl 
phosphate (DCAPP), is superior to others in terms of 
stability, affinity, and low K m for PAP. The hydrolyzed 
product, 2,6-dichloro-4-acetylphenol (DCAP), has a max- 
imum absorption at 334.2 nm, a pK a of 4.15, and a molar 
absorptivity at 340 nm of 21 490 L-mor'-cm" 1 in 
ctrate-HCI buffer, pH 5.4. PAP activity was assessed by 
. subtracting tartaric acid-inhibited acid phosphatase ac- 
tivity from total acid phosphatase activity. Our assay 
system involving DCAPP is a unique kinetic method that 
shows good reproducibility, wide analytical dynamic 
range, and high specificity for PAP. Moreover, it is easily 
adaptable to automated analyzers because the product, 
DCAP, can be monitored at 340 nm. 

Indexing Terms: enzyme kinetics/enzyme immunoassay 

Many methods for the determination of serum acid 
phosphatase (ACP; EC 3.1.3.2) activity have been re- 
ported, but most of them were not adaptable to auto- 
mated analyzers (1-3).* Only the kinetic method of 
HiLlmann and its modifications (4-6), which basically 
utilize 1-naphthyl phosphate (1-NA) and diazo dye 
Fast Red TR, have been adapted to automated analyz- 
ers. Although 1-NA was superior to other substrates in 
terms of specificity, its color reaction was subject to 
interference by bilirubin (7). Another kinetic method 
involving a self-indicating substrate, 2,6-dichloro-4- 
natrophenyl phosphate (DCNPP), has been reported 
(S). The hydrolyzed product of DCNPP, 2,6-dichloro-4- 
nitrophenol (DCNP), shows stronger 400-nm absorp- 
tion at pH <9 than does 4-nitrophenol and can be 
monitored by automated analyzers at pH 5.4. However 
this method also has several disadvantages; e.g., serum' 
albumin quantitatively accelerates the rate of hydroly- 
sis of DCNPP to DCNP (9), and hemoglobin, denatured 

nitaf e 1 P «1"r en u° f L o L 0rat ? ty Medicin e. Chiba University Hos- 
P ^- ; V" 0 ^ 8 / ? uo - ku ' Chiba Ci *. C «iba 260, Japan. 

Nitto Boseki, Ltd., Biochemical Laboratory, Fukushima 
Konyama City, Fukushima 963, Japan. ' 

^ Author for correspondence. Fax 043-226-2367 
nm^T^^u ^ breviati< > n s: ACP, acid phosphatase; PAP, 
prostata acid phosphatase; T-ACP, total acid phosphatase TIAP 
tartan : acid-inhibited acid phosphatase; DCAPP, 2,6-dichIoro^ 
acetylphenyl phosphate; DFAPP, 2,6-difluoro-4-acetylphenyl 

S» tS^?^ ^ ^"Phthyl phosphate 
JJUNrr, 2,6-dichloro-4-nitrophenyl phosphate; DCNP. 2 6-di- 
chloro-4-nitrophenol; and EIA, enzyme immunoassay. 
Recewed March 28, 1994; accepted October 25, 1994. 
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in acid solution, influences spectrophotometry mea 
surement at 405 or 415 nm. 

To develop an assay that does not have these draw- 
backs we focused on six synthesized derivative com 
pounds of acetylphenyl phosphate (10), and found that 
2 6-dichloro-4-acetylphenyl phosphate (DCAPP) had 
advantages of stability, affinity, and K m for prostatic 
acid phosphatase (PAP). 

In this study, we describe the characteristics of a new 1 
assay and its application to automated analyzers. 

Materials and Methods 
Apparatus 

Spectra of substrates and their products were ana- 
lyzed with a Hitachi U-3200 spectrophotometer (Hita- 
chi Tokyo, Japan) and enzyme activity was measured 
with a Hitachi 7050 automated analyzer. The enzyme 
immunoassay (EIA) was done with an IB-500 analyzer 
(Toyobo, Tokyo, Japan). 

Reagents 

Substrates [DCAPP; 2,6-dichloro-4-propionylphenyI 
tZ o a Ir 2'6-dichloro-4-(2-bu t yryl)phenyl phos- 
phate, 2 6-dichloro-4-(l-butyryl)phenyl phosphate; 2,6- 
difluoro-4-acetylphenyl phosphate (DFAPP) 2 6-di- 
bromo-4-acetylphenyl phosphate (DBAPP)] and their 
hydrolyzed products were obtained from Nitto Boseki 
(Fukushima, Japan). Bovine serum albumin and hu- 

^ ere ° btained from SiS™ Chemical Co. (St 
Louis, MO). Assay kits for DCNPP, 1-NA, and PAP EIA 
were purchased from Ono (Osaka, Japan), Boehringer 
Mannheim (Tokyo, Japan), and Dainabot (Tokyo Ja- 
pan), respectively. All other reagents were analytical 
gr ade and purchased from Wako Pure Chemicals 
lusaka, Japan). In measurement of total ACP (T-ACP) 
activity, reagent 1 consists of citrate buffer (0.1 moI/L 
sodium citrate-HCl, pH 5.4, and 5.0 g/L bovine serum 
albumin, which gives a final concentration of 3.8 g/L in 
assay mixture) and reagent 2 contains substrate (6 0 
mmol/L DCAPP in 0.01 mol/L sodium citrate-HCl pH 
tm\v? measurement of tartaric acid-inhibited ACP 
(TIAP) activity, citrate-HCl buffer containing 26 
mmol/L L(-r)-tartaric acid was used instead of reagent 
1. These reagents were stable for at least 1 year at 4°C. 

Samples 

PAP in serum was stabilized by adding 10 of 3 3 
mol/L acetic acid per 1.0 mL of serum immediately 
after serum was separated from clotted blood Pre- 
treated sera were stored at -20°C until use 
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Tissue Extracts 

To assess K values of APP ^ 
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Characterization of Substrates and Their Products 
— hydrolysis, K m , ^ 

*tr!^£££* T* aSSeSSed ^ measur- 
simple buffer solution against a 

analyzer. d a a tachi automated 

Interferences 

PoSf e witrp^ ti ^ rferenCes «f various com- 
effects of vSowLSrf ^ the 
etry itself, Tot on the T "** 0n *» s P ect rophotom- 
were hemol* c ( n = 10 J™ ' ^ S6ra tested 

as WgLbin) ^STn" r 3 nCentrati ° n 1000 
centration20m^ as JfTk , Z 3 ' maxun ™ con- 
5 ; turbid appeSi) ^ . blIlru bin) ( and lipemic (n = 

^strate from reTg ent £ ^ experime *t we omitted 



330 340 350 360 
Wavelength (nm) 
Fig. 1 . Absorption curves of DCapp i 
Curves were obtained bv «L!L T ( " " " } and DC *P (— ) 
. mmoM. and 10 h ( e SOlution of or OCAP n « 

against btrtfeTsoiuC ^ C " ra,6 - HCI PH sJ UeSS 

Results 

was 6.0. 7 ' fc f0r ^ othe r four substrates 

The«" nf *v • - fl/nun at pH 5.4. 
0.233 i^DcS^r ^ fr ° m °^ to 
^ highest vZ^t^t*^ ^ 
satisfactory stability a , T. k\ y ' 311(1 showed 

surement. The ah<;n^f ; ^ activity mea- 

are shown ^ of DC APP and DCAP 

of D 4^, h lr^ abS0 ?^^ 
L-mol-^ c ^-i a t 34 7 Ia ^ ab ^Ptivity of 21490 

5.4)contaii^g3 8 ^ h „ * atrate - H Cl buffer ( pH 
of DCAP wa 7 4 6 ifS ?° Vm , e /r seru « albumin. The pi 

from 15 200 to 21490 L J'v -i f mcreas ^ 



Comparison of Methods 

^^Zr^^^ (ap ^ ed to -to- 
^ethod, ana Se method ' the ^ 

8 tabUized human s^ ^ meth ° d ' We used ^eral 
11111 on the Hii Tci™ enzymatlc m «thods were 
^thod on thTlB ^nn , anaIy2er the p AP EIA 
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Optimization of Variables for PAP Assay 

Buffer solution. After «,« v j 
buffer solutions for subsLTL ^ned various 
buffer because of £ ^ sta hS • ^ « 6Cted citrate - H Cl 
absorbance of DCAP ^ ^ ° n ^b^ate, 

Pfa-ThepHopta^P^ 

of DCAPP in citrate-HCl h„ff teIyzed hvdr olysis 

PH 5.4 because the ionized DCAP J- ' Sdected 
100% at that PH and ^^^T^^' 
was less marked at pH 5 /thaL^at t t^er 
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DCAPP as substrate. 



■ i uoicllc 


*m (10~ a mot/L) 


Kidney 


0.147 


Liver 


1.250 


Heart 


1.429 


Lung 


0.800 


Bone 


1.667 


Erythrocytes 


2.500 


Leukocytes 


2.857 


Platelets 


2.000 




1.667 



Substances tested 
Ascorbic acid 
Bovine serum albumin 
Ditaurobilirubin 
Bilirubin 

Glutathione (reduced) 

Glucose 

Hemoglobin 

Uric acid 

CaCl 2 

FeCI 2 

NaCI 

Sodium citrate 
EDTA-2Na 
Oxalic acid 
Sodium heparin 



TaWeT ^ 

mmol^. (except as Indicated) 



tot) 



(S/L) 



2.5 
50.0 
0.23 
0.3 
1.5 
25.0 
4.5 
1.2 
50.0 
0.25 
600.0 
35.0 
5.0 
30.0 
200.0 (mg/L) 



Evaluation of the Present Metnod by 

L-mol-.cm- af 3 40 * be 21490 

spectrophoto^ & Z ffitachi ^ 
analy 2er , « was 19 950 L • mol- ^-^340 ^ 
the calculated K-factor was 1295 ° nm * 3nd 

assayed 20 ^ LT^T™ * SampleS 
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and CVs were mZ f.T^ The mea ™ 

^3% (u - SI r efpe? fa Uf ^ "* L2 ° % - 

PrS^E^!^ reC ° Ve ^ Was with 
nkat^).The ^o^ w ^. S ° 1Utl0nS (92 ' 385 ' 

fering effects J^^^^' ** 
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Methods Comparison 

^^^^^^ P-nt me th 
PAP EIA methi^g^,^™^ and f 
0-995 (y = 0.80x - 7 n ~ 9 8) T /n ™* °" 2 * n = 9 ' 
» - 12!), respectively. ^ ^ ° 986 <" = °- 39 * 
Discussion 

developed a new aaaav ? * We h *' 
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the hydrolyzed product DpIp However, the « 
that of DCNP (21 49?°^' W3S 38% fi"*** tha 
Wore, thf D^P n^etL ° L ' ' V 1 ) W 
precise than other method V?*** * be moi 
Moreover, our meJhojS .? ^ fe W PAP activ * 
interference flj^^^^ j-.I""^ 

to automated anal^ b^D^ ha S " 
absorption at 334 2 nm. as a ma *mui 

taned sood correlations Xhtk*? and 01 
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lood ceUs(erya^ s leukocytes, a platelets) were 
u 7 . o moVL when u sing DCAPP as the 

substrate. Since the iST m of PAP was 0.1 that of ACP from 
blood cells, the affinity of DCAPP for PAP turned out to 
i * stronger than for ACP from blood cells (Table 1) 

' ^ S?* 1 115 X 10 " 3 m0l/L ^ the final substrate 
concentration at which the was 89% with PAP For 

v 1 measure ? ent . the substrate concentration 

should be >1.15 X 10-3 mol/L, but this will result in high 
blank value (>0.1 A), as shown in Fig. 1. 

In this study, we measured PAP activity by L-tar- 
trate inhibition. The PAP activity was inhibited by 98% 
ffith S20 mmol/L L-tartrate, whereas ACP from blood 
cells was inhibited by 0.6-20.1%. The inhibition rate of 

I . i^t a StUdy WaS iD g00d *8"*mwt with that of 
the 1-NA method, whereas that of ACP from other 
organs was not (5). The inhibition of other organ 
enzymes ranged from 50.0% to 72.8%, but they were 
less than that of the enzyme from blood cells contami- 
nated with serum. Consequently, the tartrate inhibi- 
tory method does not impair the specificity of the PAP 
activity measurement. The correlation between the 
present method and PAP EIA method (r = 0 986) 
validates the specificity. 

In summary, for the measurement of PAP activity 
our kinetic method involving the self-indicating sub- 
strate DCAPP showed satisfactory performance on 
automated analyzers. Moreover, the new method was 
tree rrom albumin interference, unlike the DCNPP 
method. 
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DEC LARATION OF DR. CHARLES W PARKER 

I, Charles W. Parker, hereby declare as follows: 

1 • I am presently Professor Emeritus of Medicine, Department of Microbiology 
and Immunology at Washington University School of Medicine (WUSM), St. Louis, 
Missouri, having held that position since 1997. I am also Associate Physician at ' 
Barnes Hospital, also in St. Louis, Missouri. Prior to my present position at WUSM, 
I was Professor of Medicine there from 1 971-1 997. Overlapping with my position 
as Professor of Medicine, I was Professor of Microbiology, Immunology and 
Molecular Biology from 1975-1997. Within that same period of time (1977-1989), 
I was a full investigator of the Howard Hughes Medical Institute which funded me 
at Washington University for immunologic studies. From 1968 to 1971, I was 
Associate Professor of Medicine (WUSM). Before that, from 1963 to 1968, I was 
Assistant Professor of Medicine (WUSM). Earlier, from 1962 to 1988, I was the 
Head, Division of Allergy and Immunology (WUSM). From 1960 to 1963, I was 
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Instructor in Medicine (WUSM). My professional experience is listed on my 
curriculum vitae attached as Exhibit 1 . 

2. In terms of my education and research training, I entered Washington 
University as an undergraduate student in 1947. I entered Washington University 
School of Medicine (WUSM) in 1949, without having received my baccalaureate 
from Washington University. I received my medical degree (M.D.) from WUSM in 
1953, having graduated cum laude. I was also a member of the Medical School's 
Chapter of the Alpha-Omega-Alpha Society () , which is a national academic 
honorary organization. After receiving my M.D. degree, I was an intern at Barnes 
Hospital from 1953 to 1954. I served in the United States Navy for two years 
(1954-1956) as a naval physician. After my naval discharge, I was later appointed 
as Assistant Resident at Barnes Hospital from 1956 to 1958, which was followed 
by my one year appointment as Chief Resident (1958-1959). I was in research 
training in immunology at WUSM from 1959 to 1962 and I remained at WUSM for 
the remainder of my professional career. From 1961 to 1962, I was a Research 
Fellow at the United States Public Health Service (USPHS). For a decade (1962- 
1972), I was supported by a research development award (Research Career Award) 
from the National Institutes of Allergy and Infectious Diseases (NIAID). A good 
deal of my research over the past five decades has involved conjugate chemistry 
and the use of conjugated products, including radiolabeled proteins, for 
immunization and radioimmunoassays. This research work done in collaboration 
with research fellows and faculty members at WUSM and elsewhere included 
original descriptions of radioimmunoassays for morphine and related drugs, the 
cardiac form of creatine phosphokinase for diagnosing heart attacks, cyclic 
nucleotides, prostaglandins, difficult to measure drugs, such as digitalis, and 
hepatitis antigens. A number of these assays are still used with little modification 
from our original methods. For example, screening for morphine (opiate addiction) 
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is still carried out with our immunization and immunoassay procedures. The cyclic 
nucleotide assays we developed had a profound effect on the field and are still 
used. Since its original description our assay for creatine phosphokinase has been 
a crucial diagnostic test for acute myocardial infarction and is still used today. We 
developed the creatine phosphokinase test in collaboration with cardiac researchers 
at WUSM. Our laboratory at WUSM is also well known for its work on drug 
allergies and lipid mediators of inflammation. My education and research 
experience are listed on my CV (Exhibit 1). 

3. I am the author of over three hundred scientific publications which are listed 
on the last several pages in my CV (Exhibit 1). Included among those publications 
are six review articles on radioimmunoassays and the use of radiolabeled proteins 
in immunological studies. 

4. As a student or researcher, I have received several honors and awards, 
including a Mosby Award, Phi Eta Sigma, Alpha Omega Alpha, Sigma Xi, a Hixon 
Award and a Bausch & Lomb Award. As indicated in the preceding paragraph, I 
received a Research Career Award from the NIAID (1 962-1 972). I received a 
Honorary Fellowship Award in 1983 from The American Academy of Allergy and 
Immunology for original research in the field of allergy and immunology. I also 
received a Washington University Alumni Award. WUSM has also honored me by 
establishing a scholarship in my name, The Charles W. Parker Medical Student 
Scholarship. My various honors and awards over the years are listed on my CV 
(Exhibit 1). 

5. In terms of editorial responsibilities, I have been extensively involved over my 
professional and research career in reviewing and editing scientific manuscripts 
submitted for publication to leading research journals. Among such research 
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journals, , have been a member of the Editorial Board for the Journal ofAHergy and 
Cl,n,cal Immunology, Immunochemistry, Clinical Immunology and 
Immunology, Journal of Immunology and the Journal of Clinical Investigation 
From , 977-1 982, I was Associate Editor for the Journal of Clinical Investigation ' 
and during tha, same period I was also Section Editor for the Journal of 

most prestigious and critically reviewed scientific journals in their fields My 
extensive invo.vement in the review process affirms my conviction tha, responsible 

research standards. My editorial responsibilities are listed on my CV (Exhibit 1,. 

6. Among the professional societies and organizations in which I have enjoyed 
membership and rank over ,he years are the following: the American Board o, 
interna, Medicine, Centra, Society for Cinica, Research, Fe,,ow and Member of the 
American Academy of A„ergy, American Association of ,mmuno,ogists, CoNegium 
nterna.iona,e A„er 3 o,og,cum, Assoc,a,,on of American Physicians, American Hear, 
Study Section <197 2 .,974,, American Society for Cinica, investigation, Counci, of 
he Amencan Society for Cinica, investigation ,,973-1 976) and the American 
ederation for Cinica, Research. These various societies and organizations are 
listed on my CV (Exhibit 1). 

?■ Over the years , have had several consulting relationships and have served 
on several scientific boards. In particular, I spent approximate^ twenty years as a 
member of various review committees in the National Institutes of Health (NIH) 
which involved a minimum of three meetings per year. Since becoming Professor 
emeritus a, WUSM, , have continued in this role as a reviewer for the National 
Center for Research Resources (NCR*. , have also been an adviser to a number of 
Pharmaceutical companies, which included a position on the Board of Scientific 
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Advisers of the Roche Institute for Molecular Biology from 197*1981. . have also 
been an s d hoc consultant ,o several leading pharmaceutical companies, including 
Searle, Merck, Pfi Z er, Eli Lilly, Mead Johnson, Abbott, Glaxo We.lcome and Nippon 
Zok,. My consulting relationships and board memberships are listed on my CV 
(Exhibit 1). 



8. I have been asked by En 20 Life Sciences, Inc. (previously named Enzo 
Agnostics, Inc.) to review as its scientific consultant significant portions of the 
prosecution history of United States Patent Application Serial No. 08/479 997 
Wed on June 7, 1995 in the name of Dean L. Engelhard, e, al. as inventors The 
t,tle of the Engelhard, application is "Oligo- or Polynucleotides Comprising 
Phosphate Moie,y Labeled Nucleotides." Included for my review were the 
following documents: the patent specification filed on June 7, 1995 (which I have 
been informed takes June 23, 1 982 as its priority da,e| ; the former and previously 
pendmg claims (454-567) in this application; the November 26, 2001 Office 
Action; the December 27, 2001 Interview Summary, and various prior art 
documents cited in the aforementioned office action. The cited documents tha, I 
have reviewed include two scientific papers by Mark J. Halloran and Charles W 
Parker ["The Preparation of Nucleo.ide-Protein Conjugates: Carbodiimides As 
Coupling Agents/ Journal of Immunolnoy ^373-378 (1966); "The Production of 
Ant,bod,es to Mononucleotides, Oligonucleotides and DNA," also JsuinaLflf 
immune 25,379-385)1, and two U.S. patents [Ward e. al., U.S. Patent No 
4,71 1,955; and Falkow et al., U.S. Paten, No. 4,358,535). I am also ,he same 
Charles W. Parker named on both aforementioned Halloran and Parker papers.' A 

hereinafter be referred ,„ as Halloran I. M^conS 1966 oJoTp™ ""' 
M_„, ide8 . 0„ g o„ U e, e „„ des a„ d D^n^s' ^stT^^ 
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copy o, e ach 0, Hainan ,, Hailoran , the Ward patent and the «ow patent are 
« ched ,0 my Declaration as Exhibits 2 . 5 , respective|y . , ^ a , so ^ ^ 

Chen,, H. Agr.s. Attorney At Law „„ Support of the Written Description 
Enablement & Non-Obviousness of the Invention Claimed in U S Patent A ■■ ■ 
-a. ,0. 03*79,337,; and Dec|aration of Dr ^ l ^^7" 

Entri r Enab ' emen *- ' b6,ieVe «" °~ and the 

Engelhardt Declaration were originally submitted on January , 8, 200, and 

November 27, ,997, respectively. As part of my review, I have also read a se, of 
~825> that wil, be submitted, to g e,her with my Declaration, in a p r 1 
be f„ed ,n response ,o the November 26, 200, Office Action. A copy of the 
aformentioned Cairns 576-825 to be submitted are attached to my Declaration as 

9- Based upon my review of the claim* /R7« qoo u • 

q Ine claims < 5 76-825) being submitted to the U S 

ZZTJT T 1 believe that ,he invention in the E — ~ 

directed to o„ 8 o- or polynucleotides comprising phosphate moiety labeied 
n,o e 0t , d Such daimed o|j9o . ^ po|ynudeotides useM ^ 

P^bes for detecting nucleic acids of interest. I believe that a third of the claimed ' 
e m bod,men,s ,n the Engelhard, application are directed to non- P o, YP e ptide „ on . 
^active labe, moieties attached to the phosphate, moiety of a rIL ' 
nuclide in an o,ig 0 . or polynucleotide (Cairns 576-657,. , The middle third of 
Engelhardt s claimed embodiments (claims 658-736) are directed to recited 
™~or*e^ oactive labe , mofety Sjg in ^^^^ nudeotides h ^ 

opines and conclusions i„ my Declaration Li t Z „ , maner is reci,ed - 

new claims. I„ addressing the art rejections in L M Piously pending claims as well as the 
be referring to „a rious clai J 2 ZTjT ' 0 " ,Ce »*». ' »»' 

the reiections. """ also " st *• °0"<*ponding forme, claims in footnotes to 
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olioo 'Polynucleotide. Such members can ta ke the form of 6ioti , iminobiot , an 
electron dense component, a .agnatic component, a meta,-containin g compone 
a f.uorescent component, a chemiiuminescent component, a cnromo.enic 
component, a hapten and combination, o, any of the fore go in g . None of the 
*w,n g a, inciuded in the precedino list of Si g members: a poivpeptide, a pr „, ei „ 
n en Z yme. The remainin g third of Eng e,ha r d„ claimed embodiments (736 

n c LI T I" ^ ° ,i9 °" " P °' VnUC,e0,ide ~ S " -« - — 
nucleo de ,n wh,ch a non-radioactive moiety label Si g is directly detected when 

■ndirectiy attached to the phosphate moiety ,hroo g h a chemical ,in k a 8 e comp l g 

a Polypeptide or a protein. Finally, several dependent claims ,8,4-8,5, defi 

embodiments wherein Si g is covalently attached to P M or the phosphate th,ou g h a 

ZTZT comprisin9 a po,ypeptide or a protein «— -o 1 

zzrr^T r r vpep,ide as ^ 

from . ■„• P0 ' VPeP,ide " PTOtein aS bei "9 "hew 

from av,d,n, streptavidin and anti-hapten immuno.lobulin (Caims 8,6. 8,9, 822 

A- Based upon my review. I believe that claims 576-595 describe one o, ,„„ • 
compositions in the Engeihard, application. As se, fen in Cairn 576 ,h I """" 

P°IVdeo*y,ibon U c,eo,ide. wnicb is complementary ,o a , " aci o ^ " 

uprises a, ,eas t one modified nucleotide bavin, ,be ' '"^ " ' P ° rt °" ^ 

Sig-PM-SM-BASE 
wherein PM is a phosphate moiety attached to SM, a sugar moiety and BASF ■ k 

' ».lyl, S ine beiongs ,„ ,ne dKS „, compounds M ^ 
Enz-5(D6)(C2) 
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«ms 577-578 and 586-59,,; ,he covalen, anachmen, of Sig (cWms 5?g ^ 

<m a 9 e (claims 580-584,; ,he „a,u,e o, PM (claim 5851 ; ,he na,u,e o, SM (Cain, 593-594,- and 

inclusion of at least one ribonucleotide (claim 5951. 

(i) ' be " eVe ,ha ' daimS 658 - 676 di " 8r "° m 576-595 in ,„o respects 

Firs, ,n ependen, Cain, 658 does no, recite th. term -non-poiypeptide- f or the non-radioactive labei 
moiety S„ second, claim 658 recites specific members for Si 9 (bioti, iminobiotin. en elec In 
ense component, a ma g ne,ic component, a me,a,-con,ain,n 8 component, a fluorescent component 
a chem, ummescent component, a ch,omo g enic component, a bapten and a combination,. The 
Cairns tha, depend from claim 658 are also directed to specific embodiments, such as nature o, Sig 
claims 9-660 and 668-672,; the covalen, attachment o, Sio (Caims 66, and 673,; the cheli 
n k a 9 e (claims 662-666,; the nature o, PM (claims 667,; the nature o, SM (claims 674-675, an 
the inclusion of at least one ribonucleotide (claim 6761. 

" ' a ' S ° belie " 8 tha ' C ' aimS 736 ' 754 di, ' ar "° m the ^ove-described claims 
576- 9 and 658-676 as follows. Cairn 736 is independent and i, recites tha, Si 9 is covelen,, 
anacned to PM ,hrou 9 h a chemical ,in k a 9 e comp,isi„ g a po, yp . p ,ide or a protein. Thus, for 
radioactive label moiety Si 9 , Cairn 736 recites neither the term "non-polypeptide" nor the Si 9 
member, Claims 737-754 are directed to furmer more specific embodiments o, Cairn 736 These 

of r r "tr™ ,he nature * sis ,c,aims 73? - 738 ^ im - — — 

S, 9 claims 739 and 75„; the chemical ,in k a 9 e (Caims 740 and 748-750,; the nature o, PM 
(claim 74,,; the nature o, SM (claim, 752-7531; and tha inclusion o, a, ieas, on. ribonucleotide 

B. From my review I believe that claims 596-61 6 define another aspect of the 
ngeihardt invention. As se, forth in Cairn 596. the invention claimed in the En g e,hard, Declaration 
■s also directed to an olioo- or polyribonucleotide which is comp.ementary ,„ a nucleic ecid o, 
interest or a portion thereof. Such o,i g o- or polyribonucleotide comprises a, leas, one 
modified nucleotide havino the structural formula: 



x CH 2 ^-0^ BASE 




Wherein BASE is a moiety selected from the 9 ,oup consis,in g of a pyrimidine. e purine and a 
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TT" v or a r thereo '' the base be,n9 ana ° hed *° *• ' ' ^ °' "» P— • *. tan 

*. N1 position when BASE is . pyridine o, from the „, ^ ^ ^ 9 
«ea 2 apur,ne. The elements x. y and , are each selected „om the group consist „ f „_ H 0- a 
mono-phosphate, a diphosphate and a tri-phosphate. Sig is defined in Cairn 5S6 as bein g ' 
covalently attached direc,, y or through a enemies, linkage to a, ,eas, one phosphate selected from 
<h group cons, s „„g o f , y. , and . combinat| , n 

po,ypep,de. non-radioacive iahe, moiety which can he directly cr indirectly detected when so 
attached to the phosphate or when the modified nucleotide is incorporated into the ollgo- or 

or when the oiigo- or polynucleotide is hybrid to the commentary 
nu leic acd o, .merest or a portion thereo, Claims 597-6, a depend from Cairn 596 and they 
define various narrower embodiments. inCuding the nature o, Sig (Caims 597-598 and 606-6, ,, 
covaien, attachment „ f Sig (Caims 599 and 6, 2 , the chemica, linkage (claims 599-604, • the nature 
- x. V and,or ,<claim 605 and 6,3-6,4,; me .elusion o, a, ,eas. one ribonucieotide (cl ^ 
and a structure, formula for the Calmed oligo- or pCydeoxyribonuCeotide (Calm 6,6, 

. 10 , believe, ha, claims 677-696 differ from daims 596-6,6 in the following 
especs. F ,rs, independent Cairn 677 dees no, rscte -non-pCypeptid.- for the no„-r.dioac,iv 

ZZIT memto ,M - rKi,ed «** «* imlnoblcin, an 

c moo r P ° nen '' 3 ma9ne " C C ° mPOn9nt ' 3 me,al ' containin 9 component, a fluorescent 

component, a chemiiuminescen, component, a chromogenic component, a hapten and a 
combination,. Dependen, claims 678-696 are directed to various embodiments, such as the nature 
o S,g ,c,aims 678-679 and 687-69,,,. the covalen, attachment o, Sig (claims 680 and 6^ ■ 
chem.cai linkage .claims 68,-685,; ,he elements x, y and,„r , (Caims 686 and 693-694,- the 
inclusion o, a, ,eas, one ribonucleotide (claim 695,; and the structure, formula o, the oligo- o, 
polydeoxyribonucleotide (claim 696). 

desc 'h h k ' a ' S ° " e ' ieVe ,hat C ' aimS 755 '" 4 di, ' e ' "° m daims 596 - 61 6 ="d 677-696 

es bed above. Fi rs, Calm 755, an independent Cairn, recites tha, Sig is covalendy attached to 
PM through a chemical Wage comprising a polypeptide or a protein. Second, for the non- 

17™ 7 T Si9 ' C ' aim 7 " ' aCkS ^ reC " a,i0n °* ^ VPeptide- and the . 

1 7s 7 ? DePe " dem emb0dimenB P ' 0Vided C,aiTO 756 '" 4 - *** *• 
atute of s, claims 756-757 and 76,-766,; ,he cova,en, attachment o, Sig (Caims 758 and 770,- 

ne hernial „nka g , (claims 759 and 767-7691; ,h, elements x, y and,or , (Calms 760 and 771- 
7721; the inCusion of a, leas, one ribonucleotide (claim 773,; and a structural formu!a fo, the 
claimed oligo- or polydeoxyribonucleotide (claim 774,. 
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C. I bel-ve that another aspect of the Engelhardt invention is defined in claims 617- 
636. In claim 61 7, the o.igo- or polynucleotide is also complementary to a nucleic acid of interest 
or a portion thereof, and it comprises at least one modified nucleotide having the formu.a 

Sig - PM - SM - BASE 

wherein PM is a phosphate moiety. SM is a sugar moiety and BASE is a moiety se.ected from the 
group consisting of a pyrimidine. a purine and a deazapurine. or analog thereof. PM is attached to 
SM, BASE is attached to SM, and Sig is cova.ently attached to PM directly or via a chemical 
hnkage. S,g comprises a non-po.ypeptide, non-radioactive label moiety which can be directly or 
mdirect.y detected when attached to PM or when the modified nucleotide is incorporated into the 
ohgo- or polynucleotide, or when the o.igo- or polynucleotide is hybridized to the complementary 
nucleic acid of interest or a portion thereof, provided that when the oligo- or polynucleotide is an 
ol-goribonucleotid, or a ^ribonucleotide, and when Sig is attached through a chemical .inkage to 
a terminal PM at the 3' position of a termina. ribonuCeotide. the chemical .inkage is not obtained 
through a 2', 3' vicinal oxidation of a 3' terminal ribonucleotide previous.y attached to the 
ohgoribonuc.eotide or polyribonucleotide. Cairns 61 8-636 are dependent embodiments and they 
■nc.ude: the nature of Sig (claims 618-619 and 627-632,; the covalent attachment of Sig (claims 
620 and 63 3, th e cnemical linkage (c|ajms ^ ^ ^ m ^ ^ ^ ^ ^ 

SM (claims 634-635,; and the inclusion of at least one deoxyribonuc.eotide (claim 636,. 

(i) I believe that claims 697-715 are different from claims 617-636 in two 
respects. First, independent claim 697 does not recite the term "non-po.ypeptide" for the non- 
radioactive labe, moiety Sig. Second, claim 697 lists specific Sig members (biotin, iminobiotin, an 
electron dense component, a magnetic component, a meta.-containing component, a fluorescent 
component, a chemi.uminescent component, a chromogenic component, a hapten and a 

IIZIT^T Vari ° US aSP6CtS " 9iV6n " C ' aimS ^ ^e nature of Sig (Caims 

6 8-699 and 707-71 1,; the cova.ent attachment of Sig (Cairns 700 and 712,; the chemica. ,in k age 
(c.a,ms 701-705,; the nature of PM (claim 706,; the nature of the sugar moiety (claims 713-714,- 
and the .nclusion of at least one deoxyribonucleotide (claim 715). 

(ii) My review also shows that claims 775-793 differ from the afore-described 
c.a,ms 617-636 and 697-715 as follows. Unlike its counterparts (claims 617 and 697, 
."dependent claim 775 recites that Sig is covalently attached to PM via a chemical linkage 
con.pne.ng a polypeptide or a protein. Moreover, claim 775 does not recite the term "non- 
Pdypeptide" or the members of the non-radioactive, label moiety Sig, un.ike Caims 617 and 697 
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Dependent embodiments of claim 775 are given in claims 776 7qt 

the nature of Sig (claims 776-777 and 781 785, Z ^ 

7oni. + „ u • 1 he C0Valent atta chment of Sig (claims 778 anri 

790); the chemical linkage (claims 779 and 737 taqi *u 

SM (claims 791 799, A ■ ^ ° f PM (C,a ' m 780 >: the ™ur e of 

SM (cla.ms 791-792,, and the .nc.usion of at .east one deoxyribonuc.eotide (Caim 793,. 

r « ^ is compIementary to a ^sjzz m *zzz; z 

v r*Li _ 



x CH 2 ^-O^ BASE 




elements x, y and z are each selected from the group consisting of H— HO a 

a m 37 hat mhe „ the ollgo . 0 , polynudeo , ide „ an o|igor|bonuo , eot|d8 
«m- ,he Arnica, .Wag, is „o, obtain t h,ou 9 h a 2' 3 vlnT h 

„.,„„„,„ , icpa,ms640 and 653); the chemicalize (claims 641.645)' the 

- the „ formula for the 0| , go . „ po , ynuc| (da|m 
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^ 00 mV r6VieW ' ' alS ° be ' ieVe th3t Claims 71 6 " 735 *fhr from claims 
637-657 as follows. Cairn 716, an independent c.aim, does not recite the term "non-polypeptide" 
for the non-radioactive label moiety Sig. Further, specific Sig members are listed in claim 716 
(b-otm, iminobiotin. an electron dense component, a magnetic component, a metal-containing 
component, a fluorescent component, a chemiiuminescent component, a chromogenic component, a 
hapten and a combination,. Other embodiments are given in Cairns 71 7-735. including the nature 
of S,g ,c.a,m S 717-718 and 726-730); the cova.ent attachment of Sig (Caims 719 and 731,- the 
chemical linkage (Caims 720-724,; the nature of x, y and/or 2 (claims 725 and 732-733,- the 
inclusion of at least one deoxyribonuc.eotide (claim 734,; and the structural formula of the o.igo- or 
polynucleotide (claim 735). 

(ii) Claims 794-813 are different from claims 637-657 and 716-735 described 
above, independen, Cain, 794 races the, Sig is covalen.lv attached to PM via a chemical ,inkage 
comprising a polypeptide or a protein. Umike Caims 637 and 716. claim 794 lacks the recitation for 
non polypeptide" and the various members for the non-radioactive label moiety Sig. Claims 795- 
depend from Cairn 794 and provide other embodiments including the nature o, Sig (Caims 794- 
and 800-8051; the covalem attachment of Sig (claims 797 and 8091; the chemical linkage 
(claims 798 end 806-8081; the nature o, PM (Cairn 7991; the eiements x. y and/or , (claims 799 
and 810-8.1); tha inclusion of a, leas, one deoxyribonucleotide (Cairn 8, 21; and a structural 
formula for the claimed oligo- or polynucleotide (claim 813). 

E. As I indicated in Paragraph 9 above, several dependent claims (814-825) define 
embodiments wherein the nonradioactive label moiety Sig is attached indiredy ,„ the phosphate ' 
mo.ety through a polypeptide or protein chemical linkage. Thus, such dependent claims 8,4 817 
820 and 823 reC.e <ha, .he non-radioacive label moiety Sig is covalently attached to PM (or'.o a.' 
leas, one phospha,e, through a chemical linkage comprising a polypeptide o, a protein. In turn 
claims 815, 8,8. 82, and 824 define the polypeptide as comprising pciylysine. 0.he, dependent 
Ca,ms ,8,6, 8,9, 822 and 825, define such polypeptide or protein as being selected from avidin 
streptavidm and anti-hapten immunoglobulin. 

1 0. I believe that in the November 26, 2001 Office Action, ten so-called "art- 
rejections (Paragraphs 7-9 and-1 1-17 in the Office Action) were raised against the 
former claims 454-567. Eight of the ten rejections (Rejections Nos. 2 through 9 
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Paragraphs 8-9 and 1 M 6 in ,he Office Action, concerned either one or the other 
of my 1 966 Jouo^Lton^ papers (Halloran , or Ha „ oran ,„ My ^ 
m Paragraphs 15(A) through ,H) below are directed to Rejections Nos. 2 through 9 
(Paragraphs 8-9 and 11-16) in the November 26, 2001 Office Action. 

11. As Enzo's scientific consultant, I am making this Declaration in support of .' 
the novelty and non-obviousness of the subiec. matter claimed in the Engelhardt 
appl,ca,ion. I am also being compensated by Enzo for making this Declaration on 
its behalf. 

1 2. Based upon my own training, background and experience, I would 
respectfully submit that a, the time this application was firs, filed in June ,982 a 
person of ordinary skill in the art relevant the subject matter being claimed ' 
including nucleic acid chemistry and modification, which would include the ' 
attachment of labels and linker arms to nucleotides and nucleic acids, and nucleic 
acd detection and detection formats, would have possessed or could have been 
acvely pursuing an advanced degree in organic chemistry and/or biochemistry A 
person of ordinary ski,, in the ar, might also possess some know,edge about protein 
chem.stry. including protein modification, labeling and detection, although such 
knowledge would not approach his or her knowledge about nucleic acid chemistry 
nucWc acid modification and labeling, and nucleic acid detection and formatting ' 
Such an ordinarily skilled person could also be a, leas, approaching or ranging 
toward the level of a junior faculty member with 2-5 years of relevant experience 
or would at least be a postdoctoral student with several years of experience I ' 
cons,der myself to possess the level of ski,, and knowledge of a, leas, a person of 
ordmary ski,, in the art to which the present application and invention pertains 
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13. As a person of ordinary skill in the art, i, is my opinion and conclusion ,ha, 
the invention in the Engelhard, application as set forth in claims 576-825 being 
submitted to the Patent Office is novel over my two ,966 papers (Halloran I or 
Halloran II). Further, i, is my opinion and condusion tha, the invention claimed in 
the Engelhardt application would no, have been rendered obvious over either of my 
two 1 966 papers (Halloran I or Halloran II,, either by themselves, or in combination 
w,.h each other or with either or both of the Ward and Falkow U.S. patents cited in 
the November 26, 2001 Office Action. My reasons are set forth in the following 
paragraphs. 4 

1 4. Before discussing my reasons, I would like to provide some background to 
my 1 966 papers (Halloran I and Halloran II). 

A. Our two 1 966 papers (Halloran I and Halloran II) were published in the 
Journal of Wnnlony , the leading publication of the American Association of • 
Immunologics. Both papers concerned conjugated products for use in 
■mmunology. Halloran I and Halloran II were published in a Journal devoted to 
•mmunology, which was no, a. that time, normally read by molecular biologists or 
mvestigators in ,he field of molecular biology. In noting the earlier works of H G 
Khorana who had used water-insoluble carbodiimldes for his work in synthesizing 
oligonucleotides and Gertrude E. Perlmann at Rockefeller in the 1950s who had 
s.ud.ed phosphorus ,inkages in phosphopro.eins, casein and pepsin, we prepared 
conjugates of protein covalen.lv linked to mononucleotides, oligonucleotides and 
DNA usmg water-soluble carbodiimides, such as ECDI and CMC. Water-soluble 
carbodiimides readily couple mono- and oligonucleotides to proteins in aqueous 
solu„on. Because we were initially no, emirely sure which amino acid residues of 
protems were involved in , he coupling, we compared polylysine with other 
^n y „ pi „ ten , andconclusionsgive „ in thls DedarM . on are ^ in Hght of ^ (raining ^^^^^ 



Enz-5(D6)(C2) 



Dean L. Engelhardt et al. 
Serial No. 08/479,997 
Filed: June 7, 1995 

Page 1 5 [Declaration of Dr. Charles W. Parker] 

polymers containing different functional groups. We found that N-P linkages were 
readily formed with polylysine, were sufficiently stable fo, our purposes and were 
Hkely to be the predominant linkage in proteins. I should point out that two 
publications cited as References 5 and 20 in Halloran I disclosed non-aqueous 
conjugations and virtually non-aqueous conjugations, respectively, and as such 
probably would no, be suitable for reactions involving unblocked o.igonucleotides 
Copies of each of H. G. Khorana's 196, paper [Khorana, H. G. and Vizsolyi J P 
•Stud.es on Polynucleotides. VIII. Experiments on the Polymerization of 
Mononucleotides. Improved Preparation and Separation of Linear Thymidine 
Polynucleotides. Synthesis of Corresponding Members Terminated in 
Deoxycytidine Residues." Journal of An^ran ^minn! Sgc^y. 32:675-6851 and 
Michael Sela's 1964 paper TSela eta,., "Undine-Specific Antibodies Obtained With 
Synthetic Antigens." Pror^Hinn, M afrlp , ^ rmy , q1 ^ ^ 

attached to my Declaration as Exhibits 7 and 8, respectively. In Sela's ,964 
paper, the phosphate group of a mononucleotide was converted to a COOH group 
for coupling, but oligonucleotide coupling was not studied. In addition to 
polylysine. we also conjugated oligonucleotides and DNA to other polypeptides 
including human serum albumin (HSA) and bovine y-globulin (ByG). We also 
modified polyamino acids chemically to pu, aliphatic hydroxy groups on them In 
the case of polylysine, we modified it with ethylene oxide to prepare hydroxylated 
Polvlys,ne.« Our purpose in preparing nucleotide-protein conjugates was primarily 
to use such conjugates to induce antibody formation with nucleotide specificity 



^.Z mT" f * """"""" " lMS < °"" na 'V in the art. 
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and secondarily to study DNA and RNA structure in tha 

™ A structure - 'n the very first paragraph in 

Halloran I, we disclosed: - 

^^zr^t^r r ,hat an,ibodies mi °* °* 

been the unavaU li ty a me l ""'VT^" 9 b '° Ck haS 

polynucleotides antigenic yet LraL ZlT u W ° U ' d render 

In approaching the ^.^^Z^* 7^ 
to proteins as a means of stimulatino anlnH^ 9 polynude ° tld « 

zxzr wou,d « 

.ha, n^s^^cSrr^ co r unica,ion whi ° h 

conditions, I ,h l7reToe o^T S J , P ° ¥yS ™ Under very <"M 
implicates forma,L~ ITslTtT • nVeS,i9a,i °" st ™<»V . 
the accompanying article MMInTn m , „ P ' yPe ° f linkage - ln 

Halloran I, Page 373, Left Column 

The formation of N-P-o bonds is depicted in Figure , of Halloran I (see page 374 

Exhibit 2). 

B. In preparing the nuc.eo.ide-protein conjugates described in Halloran I 
and used for antibody formation in Halloran II, we were quite concerned with 
minimizing the modifications or changes to the nucleic acid polymer or monomer 
be,ng coupled to the protein. In HaHoran I. page 378 „eft column,, we disclosed- 

previously described procedures. advantages over 
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essence, we were preparing nucleotide-protein conjugates in which the 
udeofde or po.vnucleotide portion of the connate was direct, coupled to the 
P otein without an addition, chemical ,in kag e or ,in k er arm and with lj 
changes to the nucleotide or polynucleotide. - 

C. Other investigations of the antigenicity of nucleic acids using 
conjugates followed our 1 966 oaoers Annth 

nnhr k ^ • , h6r Paper by Mlcnael Sela's group 

published in 1970 [Bonavida et al "Ant,h„w -r -r 

rn , , ,. ' Antibodies To Transfer RNA Obtained With 

Covalently Linked tRNA Coniuaates " FWhn • , , 

conjugates, Biochemical and Bio phys i c al R^h 

- odies to tRNA-BSA conjugates which were analyzed with tRNA radioactively 
-ed with "P. Transfer RNAs (tRNAs) are polymers of ribonudeotides with 

rznirr residues - a copy ° f se,a,s 1 970 — ~~ 

RNA Obtained with Cova.ent.y Linked tRNA Conjugates," B^h^ 

(1970, is a^7 

my Declaration as Exhibit 9 Sria/ia™ ., 

using ECDI -to, th ° Uf ' irSt 1966 Paper IHa "°™ » 

,7„ k C ° UP 9 ° f m — te0 «- '0 BSA- (bovine serum aibumin, 

la hou 9 H we had also demonstrated C oup,in 9 to o,,onuc,eo,ides and 
polynucleotides]. 

D. TO my knowledge and be|| . ef f . e|ds ^ nuc|e . c ^ 

ST, 7 y dW S6i2e UP °" ° W ,W ° 1966 '-tijon 

r el, r :r * jjl 

on d StUdVin9 nUC ' eiC "'^ S <~ ' ^ • 

co .derabie period of time, sixteen years in fact, passed between our two ,966 

P*ca,,ons and the fi,in g „, Enz0 , ori g ina, paten, appiication in Ju ne 1982 s 
^ ° P,n ' 0n °° ndUSi ° n *" «» appiication appears to be the first 
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rea, and pradca, application of our me.hodology for making pro,ei,po,ynuc,eo,ide 
connate* to the fieid of non-radioactive labeied nucieic acid probe technology 
Because our own investigation, were aimed a, producing antibody formation with 
nuc.eot.de specificity, we were not motivated or inclined to inciude any labe, ,et 
alone a non-radioactive label in our nucleotide-prctein conjugates (although we did 
employ crude non-specific protein and DNA stains, as discussed belcw) Thus 
neither my Halloran I nor Halloran „ papers disCosed or showed the use of a non- 
polypeptide non-radioactive ,abe, moiety Sig. as required by a number of claims in 
the Engelhard, application. Aithough protein and DNA stains in the form of 
Amidoschwart; and Feuigen' were disCosed in Halloran I. these are non-specific 
s.a,ns that do no, generate a sensitive, hybridation signal, as contrasted to 
Engeihardfs claimed o,igc- or polynucleotides in which ,he non-polypeptide, non- 
rad.oactive labe, moiety Sig (such as the biotin moiety disclosed throughout the 
Engelhardt specification and used in Examp,e V is covalentiy attached to a modified 
nuc,eot,de. Feulgen and Amidoschwart: stains were used in our investigation for 
. e sole purpose of showing that protein and oligonuc.eotide co-migrated during 
electrophoresis in a dissociating gel. Clearly, our nucleo.ide-protein coniugates did 
no, .nclude a modified nucleotide comprising a non-radioactive iabe, moiety Sig as 
set orth in various Engelhard, Cairns. Moreover, we never though, of a„aching 
such a non-radioac,ive label moie.y Sig to ,he phosphate moiety through a 
chemical linkage comprising a polypeptide or a protein, as se, forth in other 

dear that I did no, intend nor was I motivated to use the conjugated po,y-L-,ysine 
(or other polypeptides, such as HSA and ByG) as a chemical linkage to which a 
non-radioactive label moiety (such as Engelhardfs claimed Sig, could be attached 
•nd.rectly to the phosphate moiety of a modified nucleotide in an oligo- or 
P Qlynudeotide. At the ^time that I published my two ,966 papers. I would no, 
i^™,^,^ are UMd ,„ sta .„ protejn ^ ^ 
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have been motivated or eve. inclined to use the nonradioactive labeis now being 
cla,med in the Engelhardt appiication. Even i, I had been motivated to indude a 
detectable label ,and I was not motivated to do so,. I would have likely chosen to 
use radioactive isotopes, such as *P or radioactive iodine. Since the y « P ATP 
label to, -P end labeling o, oiigonucleotides was readily prepared or available and 
has a h,gh specific activity, I most likely would have chosen radioactive "P for 
labeling in my investigations. 

15. Having provided some background to my 1966 papers, I now wish to 
address each of the eight rejections ,Nos. 2 through 9, set forth in the November 
26, 2001 Office Action. 

,A) T h« Second Rejection ia M M p ^ rY ^, n „. n| , 

W With respect to new claims 576, 595-596 and 61 5-61 6 'it is my 
opmion and conclusion as a person of ordinary skill in the art tha, the subject 
matter of these claims now being submitted to the Patent Office (attached as 
Exh,b„ 6) are novel over my cited publication (Halloran I). Firs,, the Sig non- 
rad.oactive label moiety in any of the Engelhard, Cairns is no, a polypeptide, which 
would ,nc,ude proteins or polyamino acids with .ysy, residues such as disclosed in 
Halloran I. This applies to new claims 576-587, 588-589, 590-59 1 , 592-607 
608-609. 610-61 1, 6,2-630, 631-632, 633-648, 649-650, 651-652 and 653- 
657. Second, none of the other new Engelhardt claims (658-735I recite a 
Polypeptide, or protein, including poly-L-lysine, in the Markush members for Sig 
now listed in the new claims. ,f any,hing, the claims in the Engelhardt application 

7 New claims 576, 595-596 and ric cic 

8 New Cairns 576^87 52-589 590^91 592 607 sVaTno ^ 481 " 482 and 509 ^°- 
632, 633-648. 649-650. 651462 and 653 lll r I™' 61 °- 611 ' 612 " 628 ' 629 - 63 °- 631- 
470-471, 478-493. 495^96 498-499 506 522 waS? ^ C ' aimS 454 " 465 ' 467 

556 and 563-567. ' 506 " 522 ' 5 24-525, 527-528. 535-550, 552-553. 555- 
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eschew any connection ,o the poly-L-lysine disclosed in my 1 966 papers. Finally 
with respect to other new Engelhardt claims (736-8131, a modified nucleotide is ' 
cited in which a non-radioactive label moiety Sig is attached indirectly to the 
Phosphate moiety through a chemical .inkage comprising a polypeptide or a protein 
Ne„her of my 1966 papers, including Halloran I, disclosed or even suggested tha, 
the poly-L-lysine or any protein could or should be used as a chemical linkage tc 
attach a non-radioacive label moiety to the phosphate moiety, as se, forth in such 
Engelhardt claims. 

(") With respect to new claims 577 and 597, 9 it is my opinion and 
conclusion that by excluding and not reciting polypeptides (or proteins or po.yamino 
ac.ds including poly-L-lysine), as non-radioactive label moieties, both claims are 
novel over Halloran I. The very fact that Halloran I discloses Amidoschwartz and 
Feulgen compounds for staining protein and DNA, respectively, does not reach the 
subject matter of the Engelhardt claims in which the non-radioactive label moiety 
S,g is either a non-polypeptide, does not have a polypeptide or a protein among the 
members of Sig, or only uses a polypeptide or protein as a chemical linkage to - 
attach Sig to a phosphate moiety. It is my opinion and conc.usion that the use of a 
sta,n, such as Amidoschwartz or Feulgen, has no connection either in structure or 
function to the non-polypeptide, non-radioactive label moiety Sig in the Engelhardt 
claims. In the case of Amidoschwartz and Feulgen compounds, these are crude 
sta.ns that are not quantitative at all. These stain non-specifically to any proteins 
or DNA, without regard to such proteins or DNA being modified. Furthermore, due 
to e.ther relative insensitivity, conditions of use, and inability to be amplified, 
Amidoschwartz and Feulgen stains do not generate a useful non-radioactive 
hybridization signal from an oligo- or polynucleotide comprising at least one 
modified nucleotide that comprises the non-radioactive label moiety Sig, as set 
forth in the Engelhardt claims. In the case of my cited paper, Halloran I, the 



Enz-5(D6)(C2) 



Dean L. Engelhardt et al. 
Serial No. 08/479,997 
Filed: June 7, 1 995 

Page 21 [Declaration of Dr. Charles W. Parker] 

Amidoschwartz and Feuigen stains were simply used ,o show ,ha, the nuc.eotide 
or polynucleotide co-migrated with the protein in the dissooiating gel in regions 
d-t.nct from regions where the unmodified proteins and oligonucleotides migrated 
To explain it in another way, there was a unique complex staining with both stains 
m contrast to other regions where neither of the precursors stained, implying 
therefore, that the protein and nucleotide or polynucieotide were bound together in 
the gel. In short, such stains, such as the Amidoschwartz and Feuigen stains were 
no. suitabie as hybridization signals, and as far as I know have no, been used for 
tha, purpose - As a person of ordinary skill in the art, I would not have used nor 
would I have contemplated using Amidoschwartz or Feulgen stains to detect a 
hybridization signal because their crude and non-specific properties make such use 
unsuitable. 

m With respect to new claims 578, 580, 586, 592, 593, 598, 600 606 
and 612-614," the fact tha. Halloran I discloses the addition of proteins or 
po.ypeptides (such as HSA [human serum albumin, and poly-lysine) which comprise 
at leas, .hree carbon atoms is irrelevant to the Engdhard, claims, which specifically 
eschew polypeptides, do not recite polypeptide among members of the non- 
radioactive labe, moiety Sig, or recites that Sig is attached to ,he phosphate moiety 
through a chemical linkage comprising a polypeptide or a protein. 

liv) With respect to new claims 579, 581 , 585, 594, 599, 601 , 605 and 
614 - again, the fact that Halloran I discloses the covalent attachment of -P-O- 
<he chemical linkage of CH2-NH-, and ,he covalen. attachment of Sig ,0 PM 

» "Z*"™ 577 ! n " 597 """P"* «> '°">»' claim, 455 and 483 : 

is carded ou,. Under .cWc^^^LS? 1 0 *• «W9 P™»*« 

minutes], the nucleic .rt* TT I • X *"P»..1.0 N hydrochloric acid at 60°C for 5-20 
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through a phosphorus atom or phosphate oxygen, is irrelevant to the Engelhardt 
Ca.ms which specifically eschew polypeptide, or that do not recite polypeptide 
among members o, the non-radioactive label moiety Sig, or recite that Sig is 
attached to the phosphate moiety through a polypeptide or protein chemical 

linkage. 

M With respect to the Examiner's comments in the Office Action tha, 
even though Halloran does not teach the hybridation of 
to a nuc,e,c acid of interest, or a portion thereof, i, is an inherent property of an 
Cgonucleotide to hybridize to a nucleic acid of interest ,or portion thereof,, which 
- complementary to the oligonucleotide, i, is my opinion and conciusion tha, the 
Engelhard, claims are novel over Halloran I for reasons stated above The 
Engelhard, claims specifically eschew ,he no,ion o, a polypeptide as a non- 
radioactive de,ec,ab,e Sig moiety, or the Cairns do no, recite a polypeptide among 
he members of Sig, or they indude a polypeptide or a protein only as a chemical 
linkage for attaching Sig to the phosphate moiety. 

' Ml. It is my opinion and conclusion that it would no, have been obvious ,o 
one of ordinary ski,, in the ar, at the time the invention was made ,o have used the 
o gonucleotide preparation method o, Halloran I for conjugating a protein to an 
ohgonucleotide (through the PM,. in order to have produced the oligo- or 
polynucleotide compositions claimed in the Engelhardt application. As stated 
earher, the Engelhardt claims either specifically eschew any notion of polypeptide 
or they do not include polypeptide among members of the detectable non- 
rad,oac,ive label moiety Sig, or the Cairns only include poiypeptide or protein as a 
chem,cal linkage for attaching Sig to the phosphate moiety 



IB) The Third Rejection rAntl-ip.^,,,,^..,^^. ( , 
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li) With respect to new claims 617, 636, 637 and 656- i, is my opinion 
and conclusion that HaHoran „ does not disclose the subject matter o, these claims 
These and other Cairns in the Enge.hardt application are directed to compositions in 
wh.ch S,g comprises a non-polypeptide, non-radioactive detectable label moiety or 
to other compositions in which polypeptides or proteins are no, listed among 
members o, Sig, or in which a polypeptide or a chemica, linkage is only used for 
attaching Sig to the phosphate moiety. 

(iil With respect to new claims 618 and 638," it is my opinion and 
conclusion that by excluding and not reciting polypeptides (or proteins or poly-L- 
lysmel as non-radioactive label moieties, both claims are novel ove, Halloran II 
Thus, the fact that Halloran II discloses the use of Amidoschwartz and Feulgen 
sta,n,ng ,0 stain the protein and DNA, respectively, does no, reach the subject 
manor o, ,he Engelhard, claims in which the non-radioactive label moie.y Sig is 
ne„her a polypeptide, nor is recited among Sig members as a polypeptide or 
protein. Moreover, the use of a stain, such as Amidoschwart; or Feulgen, has no 
connection to the non-polypeptide, non-radioactive label moiety Sig in the 
Engelhard, claims. In the case of the stains, Amidoschwartz and Feulgen are crude 
procedures which are no, quantitative. Furthermore, i, is my opinion and 
conclusion that these stains do no, generate a useable non-radioactive signal from 
an ohgo- or polynucleotide comprising a modified nucleotide tha, comprises the 
non-radioactive label moie,y Sig, as set forth in the Engelhard, claims and 
invention. 

(iii) With respect to new claims 619, 621, 627, 633-634, 639, 641 647 
653 and 654, " it is my opinion and conclusion tha, the fact that Halloran II ' 
discloses t he addition of p roteins or polypeptides (such as HSA [human serum 
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albumin] and polylysine) which comprise at | aa «t *h« u 

the Engelhardt claims now being subjtted S ^ " '"^ » 

any connection to po, y p sp t ide r t he 7 " SPeCi ' iCa " y 

Huiypt!p l i ae/ or tne y j recite nnlwn^*-j 

nf t h„ Polypeptide among members 

of the non-radioactive label moietv Sia nr tho, ■ , , memoers 

Ov) With respect to new Cain, 620, 622, 626, 635, 640, 642, 646 and 
655 ,t , s my opinion and conclusion tha, , he fac t that Hainan „ 
covaien, attachment o, -P-0-, ,he chemical linkage of CH, NH 

:;r - - s, 9 to PM , hrough . phosphorus ai: 

-levant to the E n g e,hard, Cairns. The Eng.hard, claims specifica|ly ~ * 
connecon to P ol yP ep,ide, or the y do no, recite P o,y P e P tide ,or P ro,eL " TZZ 
a™ng members o, the nonradioactive iabe, moie, y Si g , or they recite a 

phosphate moiety. 

- ^nucleotide to h y bridi 2 e ,o a nucieic acid of interest (or P ol hi fl 

w ,ch ,s commentary to the oligonucleotide, it is m y op J ana co c I that " 

C ' aimS " n0Vd ° V6r Ha " 0ra " ' ** — » — Th 

E n g e,hard, Oa.ms either s P ecifica„y eschew an y connection to a polypeptid as a 

~oact iv e det6Ctab ' e ^ « - """» - not recite a Z id 
h m0n . 9 ' 6 °' **■ - - V include a po, y peptide or a prote n on as 

chem.cal linkage to attach Si g to the phosphate moiety. 

(v,) it is my opinion and conclusion that it would not have been obvious to 
ar, a, the time the indention was made to have Z£ 

16 New claims 620, 622 62fi fi^c c.n 

=16.520, 537, 542, 544, 548 SMSf ^ ^ ^ 655 C ° rreS >°"<' <° <°<"»r <*>™ 5,4, 
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the method of Halloran I, (pages 373-378. so as to have conjugated a protein to an 
RNA or DNA molecule in order to have achieved an equally effective compound for 
use.n hybridization, and thereby reach the claimed Engelhardt compositions It is 
also my opinion and conclusion that if it had been tha, obvious, someone would 
have done so in the sixteen years following the publication of Halloran II and the 
filing of the Engelhard, application. In fact. I believe that no one did this before 
Engelhard, e, al. filed ,heir application in June 1982. As indicated earlier, all of the 
compositions in the Engelhardt application are directed to a non-polypeptide, non- 
radioactive label moiety Sig, or to members of Sig that do no, include a polypeptide 
or protein, or ,o a polypeptide or protein chemical linkage to attach Sig to the 
Phosphate moiety. This stands in contrast ,o my cited paper, Halloran II. 

IC) The Fourth Rejection ipbvionsn,..,. : ) 

10 With respect to new claims 584 and 604," it is my opinion and 
conclusion that the disclosure of Halloran I, taken in further view of Falkow's 
disclosure (U.S. Paten. No. 4, 358,535), would not have rendered the subject 
matter of these claims obvious to a person of ordinary skill in the ar, at the time 
the Engelhard, application was first filed in June 1982. As stated previously none 
of Engelhardfs claimed compositions recite or inc.ude a polypeptide for the non- 
radioactive label moiety Sig. In half of the Engelhardt claims, polypeptide is 
specifically eschewed for the non-radioactive label moiety Sig. Moreover, the 

Engelhardt claims do not require or include enzymes as a label moiety Sig Thus in 
my opinion and conclusion, Falkow's disclosure with respect to enzymes as labels 
does not provide the requisite disclosure which is lacking in Halloran I, and which 
would have been necessary in order to reach the compositions in the Engelhard, 
application. 



New claims 584 and 604 correspond to former claims 462 and 490. 
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00 With respect to new claims 59! and 61 1 » it is my opinion and 
conclusion that even Palkow, disclosure or fluorescent compounds, combined with 
Halloran I s d,sc,osure, would no, have rendered the Engelhard, compositions 
obv,ous ,o a person of ordinary ski,, in the art. Again, i, is my opinion and 
conclusion , ha, Ha„oran , ,aken in further view of Pal Ws paten,, wou,d no, reach 
Engelhard, s compositions which ei,her require a non. P o, yP ep,ide, non-radioactive 
label moiety Sig, or which do no, reci,e or inCude a polypeptide for members of 
S,g, or which include a po,ypep,ide or a protein chemioa, linkage to attach Sig to 
the phosphate moiety. 

I«B With respect to new claims 590 and 610,- it is my opinion and 
conclusion ,ha, even Falkow, disclosure regarding heavy me,a,s, when combined 
w«h Halloran I, would no, have rendered Engelhard.s claims obvious ,o a person 
of ordinary skill in ,he „ a, the time the application was filed in June 1 982 As I 
have stated earlier in ,his Declaration, Engelhardfs Cairns ei,her reci,e a non- 
polypeptide, non-radioactive label moie,y Sig, or they do no, recite or include a 
polypeptide among ,he members of Sig, exoep, as a chemical linkage for attaching 
big to the phosphate moiety. 

livl Wi,h respec, ,o claims 476-477 and 504-505,- i, is my opinion and 

■n the ar, a, ,he ,ime the invention was made in view of Halloran I, taken in view of 
Falkow s disclosure regarding ligands and antiligands as labels. Further, it is my 
op,n,on and conclusion tha, it would no, have been obvious to have modified 
Halloran's oligonucleotides by including FalkoWs labels, instead of using a protein 
■n order to have provided an equally effective compound for nucleic acid detection' 
As .ndicated in the backgr ound above (Paragraph 1 0 Al, the purpose of our 
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investigation which ,ed to the publication of Halloran I and Halloran I, was to 
prepare nucieotide-protein conjugates for eliciting antibody formation with 
nucleotide specificity in order to study DMA and RNA structure and autoimmunity 
As such, i, would not have been obvious to discard the protein disclosed in 
Ha oran „ for any label disclosed In FalkoWs patent. To substitute a protein in 
Ha loran I would have been irrelevant to the purpose or object of our investigation 
and the conjugates we had prepared, which was to elicit nucleotide-specific 
antibody formation so that nucleic acid structures and autoimmunity could be 
studied Moreover, as I indicated in the background above, we were no, motivated 
to employ a detection label, ,e, alone a non-radioactive detectable label, because 
we were only seeking to produce antibody formation with nucleotide specificity. 

|D) T"e Fifth Reiectinn (nh.,j„ 1|1nr --| 

(0 With respect to new claims 625 and 645," i, is my opinion and 
conclusion that the disclosure of Halloran II, taken in further view of FalkoWs 
disclosure (U.S. Patent No. 4, 358,535), would no, have rendered the subject 
-atter of ,hese claims obvious ,o a person of ordinary ski,, in ,he ar, at the time 
the Engelhard, application was firs, filed in June ,982. As I indicated in the 
preceding section „3,i„. none of Engelhardfs claimed compositions recite or 
■nclude a pCypeptide for the non-radioactive label moiety Sig. ,n a third of 
Engelhardfs claims, polypeptide is specifically excluded for the non-radioactive 
label moiety Sig. Moreover, the Engelhard, claims do not require or include 
enzymes as a label moiety Sig. Thus, in my opinion and conclusion, FalkoWs 
disclosure with respect to enzymes as labels does no. provide the requisite 
d.sdosure which is lacking in Halioran II, and which would have been necessary in 
order to reach the compositions now being claimed in the Engelhard, application. 

! ' New claims 625 and 645 correspond to forma, claims 5,9 and 547. 
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W With respec, to new claims 632 and 652,- i, is also my opinion and 
conclusion that even Fa.koWs disclosure of fluorescent compounds, combined with 
Halloran ll's disclosure, would not have rendered the Engelhardt compositions 
obv,ous to a person of ordinary skil, in the art. Again, i, is my opinion and 
conciusion tha, Ha.loran „ taken in further view of FalkoWs patent, would not 
reach Engelhardfs compositions which either require a non-polypeptide non- 
radioactive ,abe, moiety Sig, do no, recite or include a polypeptide for members of 
S,g, or tha, include a polypeptide or a protein as a chemical linkage to attach Sig to 
the phosphate moiety. „ is also my opinion and conclusion that the Fa.kow paten, 
prov.des little or no information on the preparation of a fluorescent label, nor its 
attachment to a nucleotidyl phosphate, as set forth in the Engelhard, claims 
indeed, if FalkoWs idea was ,o label an otherwise unmodified oligonucleotide 
fluorescein isothiocyanate, I doubt whether Falkow's preparations would have been 
useful. Potential problems might very well have included insufficen. stabi.ity 

reduced o, relatively non-specific hybridation signa,, and especially, inefficient 

labeling. 

W) With respect to new claims 631 and 65!,- i, „ also my opinion and 
conclusion tha, even FalkoWs disclosure regarding heavy me,a,s, when combined 
w„h HaHoran II, would no, have rendered Engelhardfs claims obvious to a person 
of ord,nary skill in ,he ar, a, ,he time ,he application was filed in June 1982 As I 
have stated earlier in this Declaration, Engelhardfs claims either recite a nan- 
PolypepMe, non-radioactive labe, moiety Sig, or they do no, reci,e or include a 
polypeptide among ,he members of Sig. Furthermore, I find FalkoWs disclosure to 
be lack,ng or insufficient on how he or they would have used heavy metals for 
labeling oligo- or polynucleotides. 



" New Its 3 S? a a n n d 2? C ° rreSP ° nd '° ^ ^ 528 and 5 ^ 
New cla,ms 631 and 651 correspond to former claims 527 and 555. 
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(iv) With respect to former claims 533-534 and 561-562," it is my 
opinion and conclusion that these claims would not have been obvious to one of 
ordinary skili in the art a, the time the invention was made in view of Halloran II 
taken in view of FalkoWs disclosure regarding ligands and antiligands as labels. 
Further, it is my opinion and conclusion that it would not have been obvious to 
have modified Halloran's oligonucleotides by including FalkoWs labels, instead of 
usmg a protein, in order to have provided an equally effective compound for nucleic 
acd detection. I indicated in the background above (Paragraph 10 A) that the 
purpose of our investigation which culminated in the publication of Halloran I and 
Halloran II was to prepare nucleotide-protein conjugates for antibody formation with 
nucleotide specificity to study DNA and RN A structure and the possible induction 
of autoimmune disease. As such, i, would not have been obvious to discard the 
protein disclosed in Halloran II for any label disclosed in FalkoWs patent. To 
substitute the protein in Halloran I would have been irrelevant to the purpose or 
object of our investigation and the conjugates we had prepared, which was to elicit 
nucleotide-specific antibody formation so that nucleic acid structures and possible 
consequences of anti-DNA antibody formation could be studied. Moreover, as I 
indicated in the background above (Paragraph 10 D), we were not motivated or 
even inclined to employ a detection label, let alone a non-radioactive detectable 
label, because we were only seeking to produce antibody formation with nucleotide 
specificity. 



(E) The Sixth Rejection lC)hui« t ,c na ^ 

(i) With respect to new claims 582-583, 587, 588-589, 602, 607 and 
608-609, 25 it is my opinion that these claims would not have been rendered 

^SSSISS 607 and 608 - 609 correspond t0 fo ™ — 46 °- 
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obvious by Halloran I's disclosure taken in further view of Ward et al. (U.S Patent 
No. 4,711,955). As described in the background above (Paragraph 10 B) in 
Halloran I, we were seeking to couple the nucleotide or polynucleotide directly to 
the protein, and at the same time, to minimize modifications or changes to the 
nucle,c acid polymer or monomer being coupled. This is described on page 378 
(left column) in Halloran I: 

In the method of conjugation described in this «rtw- 
mononucleotides, oligonuc|eotideSi and DNA ar b /tup,ed i re cT o 
protein. By contrast, the methods described in the precedino 
paragraph requ.re some form of preliminary chemical modiffcaln 0 f 
the mononucleotide, nucleoside or base. The applicabC of these 

or oo^ m T„ COUP H n9 K large U ™' ,S l0 ' i9 °- and Polynucleotides) to prdte n 
or polyammo ac.ds has not been established. We believe therefore 

z^sse^ herein has — ' 

To state it in another way, we were preparing nucleotide-protein conjugates in 
wh,ch the nucleotide or polynucleotide portion of the conjugate was directly 
coupled to the protein through an easily introduced terminal 5'-phos P ha,e without 
an add,tional chemical linkage or linker arm and with minimal changes to the 
nucleotide or polynucleotide. It would have been irrelevant to Halloran I's 
disclosure to include any of the chemical linkages disclosed in Ward's patent 
particularly since the former was aimed ,o direct coupling of the nucleotide or 
polynucleotide to the protein. I, is my opinion and conclusion as a person of 
ord,nary ski.l in the ar, that it would no, have been obvious to modify the direct 
couplmg linkage in Halloran I with any 0 f the chemical linkages disclosed in Ward's 
patent. 

<») Regarding any of the labels disclosed in Ward's patent, it is also my 
op,n,on and conclusion that it would not have been obvious to a person of ordinary 
•Ml m the art to use Ward's disclosed labels (biotin, fluorescent dyes, electron- 
dense reagents, such as ferritin, colloidal gold and ferric oxide, or enzymes, such as 
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peroxidase and alkaline phosphatase,, instead of the protein in Halloran I As 
stated lier in Declargtion (paragraph ] q ^ ^ ^ ^ ^ • 

wh oh c ,m,nated ,n the pub,ica,ion of Ha||oran , and ^ „ 
nuc eo,,de-pro,ein conjugates for antibody formation with nucleotide specifLy to 
s.udy DNA and RNA structure. In m y opinion as a person of ordinary Z I 
«. « would no, have been obvious to discard the protein disclosed I Hallo a! 
. any label disclosed in Ward, patent. To substitute a protein in Hal.or a , 1 ld 
^ve been .relevant to and would have negated the very purpose or object of ou 
nves 8 at,cn and the conjugates we had prepared, which was to elici, nucleotid 
spec,f,c anhbody formation so tna, nucleic acid structures could be studied 
Mcr-ver, as indicated in the background above (Paragraph 10 0,, we were not 
m t,va,e or seeking to employ a detection label, ,e, alone a non-radioactive 
de,ec,a,e label, because we sought instead to elicit antibody formation with 
nuc eot,de specificity. Furthermore, as a person of ordinary ski,, in the art, I would 
ot have been inclined to look to Ward's patent, which was directed to m^ima^ 
,rup,,ve base ,abe,ing and the incorporation ,for example, en 2 yma,ical,y, 7Z 
ase ,abe,ed nucleotides, in order to modify the conjugates in HaUoran I, e laTe 
^ protein n juga,ed t0 tne phospha(e „ the ^ ^ « 

- «d no, ,o m,n,ma„y disruptive base positions as in the case of Ward. Sterica„y 
h effects of .ncorporating signals through the base and phosphate moieties are 
ffer n and ,he resu„in 9 conjuga,es or oligonucleotide compositions might we,, 
ave d,f eren, sens„ivi,ies, selects or app,ica,ions. As an ordinarily Lied 
person, , consider Ward's procedures ,o represent a wholly different 
methodological approach to oligonucleotide detection from Halloran I because Ward 
mp as,zes labels attached through specific base positions. ,n contrast, the 
Engelhard, claims are directed to oligo- or polynucleotides in which a non- 
^active labe, moie,y Sig is a„aohed ,„ , he phosphate moiety of a modified 
nuc,eo„de. This attachment runs counter to Ward's -essentia, criteria" , q uo,ed in 
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the Eighth Reiection below, and minimally disruptive positions described in their 
patent. 



0=1 The Seventh Reieotinn lnh..j„.- nrr| 

(il With respect to new claims 623-624. 628, 629-630, 643-644 648 
and 64S-650 it is my opinion and conciusion that the Subj ect matter o, , e e 
o,a,ms wouid no, have been obvious over Haiioran „■. di s c(osure , taken furthe , h 

7 " U ' S - *"* - I-- A. . indicated in the precedin 

Paragraph , 5 ( i, we sought to directly couple the nucleotide or polvnudeotide to 
the pro,e,n, and to do so with ,i„,e or no modifications or changes to the 
ribonucleic or deoxyribonucleic acid polymer or monomer being coupled These 
con| Ugat es were used .or antibody formation in Halloran „.. Thus, the nucleotide- 

"T*" " "*« <- nucleotide o, polynucleotide portion 

of he connate directly coupied to the protein without an additional chemical 

trir " ^ Wi,H ^ t0 ^ ™' « nucleotide. 

It would have run contrary to the disclosure in Halloran „ to include any of the 

chemical linkages disclosed in Ward's patent, particularly since the former was 
a.me to produce antibody formation with nucleotide specificity using conjugates in 
whrch the nucleotide or ^nucleotide was directly coupled to the protein , J 
op,,on and conclusion as a person of ordinary ski,, in the artthat i, wouid no, hav 

chemical linkages disclosed in Ward's patent. 

09 Regarding any of the labels disc.osed in Ward's patent, i, is also my 
op,n,on and conclusion ,hat it would no, have been obvious ,o a person of ordinary 
M, ,n ,he ar, ,o use Ward's disclosed labels (bio,in, fluorescent dyes, eiectron- 
-«»~«^ ccioida, gold and ferric oxide, or enzymes, such as 

649650 — - — — 
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peroxidase and alkaline phosphatase), instead of the protein in Halloran II As 
stated earlier in this Declaration (Paragraph 10 A,, the purpose of our investigation 
wh,ch culminated in the publication of Halloran I and Halloran II was to prepare 
nucleotide-protein conjugates for antibody formation with nucleotide specificity to 
study DMA and RNA structure. In my opinion as a person of ordinary skill in the 
art, „ would not have been obvious to discard the protein disclosed and used for 
anybody formation in Halloran II for any label disclosed in Ward's patent To 
substitute a protein in Halloran ll's conjugates, would have been irrelevant to and 
would have negated the purpose or object of our investigation and the conjugates 
we had prepared, which was to elicit nucleo.ide-soecific antibody formation so that 
nucleic acid structures could be studied. Moreover, as indicated in the background 
above (Paragraph 10 D), we were not motivated or even seeking to employ a 
detection label, le, alone a non-radioactive detectable label, because we sough, to 
el,c,t antibody formation with nucleotide specificity. Furthermore, as a person of 
ordmary skill in the art, I would not have been inclined to look to Ward's paten, 
wh.ch was directed to minimally disruptive base labeling, in order to modify the 
conjugates in Halloran II, the latter having ,he protein conjugated to the pnospnare 
of the nucleotide or polynucleotide - and not to the base as in the case of Ward's 
labels. 

(G) The Eighth Rejection inhwin..,^^) 

(i) With respect to former claims 475 and 503," it is my opinion and 
conclusion that the subject matter of these claims would not have been obvious to 
a person of ordinary skill in the art from a reading of Ward's patent, taken in further 
v.ew of Halloran I. More particularly, it would not have been obvious in view of 

wherein a non-radioactive lahpl mn io , u c ■ . . " d the cla,med embodiment 

chorea, w^s^e**; rzzz ■"— -° - •«* , 
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Halloran I's disclosure of coup.ing proteins, such as HSA, ByG and polyiysine 
which can be stained with Amidoschwar,:, to have modified Ward's compounds to 
.nclude polyiysine (instead of rhodamine) so as to have achieved an equally 
effective compound for nucleic acid detection. As stated above in several 
paragraphs, Amidoschwart; and Feulgen stains are crude, non-specific stains and 
could no, have been used for effective and accurate signaling from a hybridized 
nucleic acid duplex. I respectfudy point out tha, Ward's nucleic acid compounds 
.nciude base-modified nucleotides in which the base has been modified in the so- 
called -minimally disruptive" positions. Tha, this is the case is speiied ou, in clear 
language in Ward's patent, beginning in the section "Detailed Description of the 
Invention, " column 6, line 36, through column 7, line 1 7: 

modifie 3 d eV n e ;lo e ,id e e n t a ' ZtST^LZ™" \ ** ' 

radi^actively-labeled form ^T^^Z'Z £ £f tt 
the modrted compound must contain a substituen, or probe thaf is 

I nu'de'oWdes" 01 » ,1°""" Wi * 

applicaJns reguirt ZZ ^^^ZZ^IT 
the analogs must function as substrates for nucleic acid po lymtases' 
For th,s purpose, probe moieties should not be placed on 1!!, 

Fourth, the detection system should be capable of interartinn 
Enz-5(D6)(C2) 
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preferable that the probe moiety be attached to the purine or 
pyridine through a chemical linkage or "linker arm" so thatTcan 
rea<%,n,erac, with antibodies, other detector proteins of chemical 

Fifth, the physical and biochemical properties of polynucleotides 
eom.in.ng small numbers of probe substituents should no, be 
s.gnif.cantly altered so tha, current procedures using radioactive 
hybridization probes need not be extensively modified Th s crte 0 n 

z^^jt*' ,he probe is » ~ - 

wipsSe^ 

polynucleotides are routinely subjected, e.g., extended hybridization 
S^T^' Phen °' a " d ^en, V ex,?a Z c a C 

described herelT "'^ "* * *« m ° di,ied ™<°°^ 

(«) It is my opinion and conclusion that a person of ordinary skill in the art 
would no. have looked to Halloran I to modify Ward's compounds by including 
pro.eins or polypeptides (such as HSA and poly-lvsine) and protein stains, notably 
Amidoschwartz. As indicated in several preceding paragraphs above, the use of 
Armdoschwartz as a crude, non-quantitative staining technique in no way points to 
its use for detecting signals from hybridized nucleic acid duplexes. As clearly 
indicated in the portion of Ward e, al. just quoted above, i, teaches away from 
Ward's paten, to modify the Ward compounds by coupling Halloran I's proteins to 
the phosphate moiety. The phosphate moiety is no, a, a minimally disruptive base 
pos,„on as urged and required in Ward's above-quo.ed passage. Furthermore, it is 
my op.nion and conclusion tha. even if a person of ordinary skil. in the art were to 
include Halloran I's proteins in Ward's compounds, he or she would have been 
motivated to attach the protein only to the minimally disruptive base position, such 
as the 5-position of a pyrimidine, the 8-position of a purine, or the 7-position of a 
deazapurine. To do otherwise would require a repudiation of Ward's "several 
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essential criteria" quoted above. 

,H) The Ninth Reiectinn (nft.,j», rn ,..._| 

(i) With respect to claims 532 and 560 » i, is also my opinion and 
conclusion that i, would not have been obvious to one of ordinary skill in the ar, at 
the t,me the Engelhardt application was filed in June ,982 to have modified Ward's 
compound ,o include Halloran ,,'s polylysine as a detectable label (instead of 
rhodamine) so as to have achieved an equally effective compound for nucleic acid 
detection. As I indicated in the preceding discussion for the seventh rejection 
(Paragraph ,6,i,. i, would no, have been obvious in view o, Halloran ,,'s disclosure 
wh,ch calls for coupling proteins directly to the phosphate moiety of a ' 
mononucleotide or polynucleotide, «o have modified Ward's compounds to indude 
polylysine (instead of rhodamine) so as to have achieved an equally effective 
compound for nuc.eic acid detection. As indicated in the preceding discussion 
(Paragraphs 17(i, and 17(H). Ward's nucleic acid compounds include base-modified 
nucleotides in which the base has been modified in the so-called -minimally 
disruptive" positions. See Ward e. a,., U.S. Patent No. 4,71 1,955. under the 
"Detailed Description of the Invention." column 6, line 36, through column 7 line 
1 7; quoted in the preceding section (seventh rejection). The phosphate moiety 
employed in Halloran ll's conjugates is no. a, a minimally disruptive base position 
as urged and required in Ward's passage quoted in the preceding discussion for the 
seventh rejection. Furthermore, it is my opinion and conclusion that even if a 
person of ordinary skill in the ar, were to include Halloran ,'s polylysine polypeptide 
.n Ward's compounds, a, most he or she would have been motivated to attach ,he 
prcem ,o ,he minimally disruptive base position in Ward's compound, which is 
l.m„ed ,o the 5-posi,ion of a pvrimidine, the 8-posi,ion of a purine, or the 7-oosi,ion 

Be* iS 9 *rr d ' i^rr" 5 in ,he new c,aim5 - ,h ° °< *™- — ■ =32 »,„ 
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I hereby declare that all statements rn^Hp h Q • * 

thereon. Y ' appllcatl0n °' any patent issued 

I 1 1 Q 
Date 

Charles ,W. Parker, M.D. 
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For some time ii has been apparent that anti- 
bodies might be useful in the Htudy U)e .^ 
• structure o ItNA and UNA: A major s«I^ 
block has l*cn the unavailability uf a method 
which would render polynucleotides antigenic vet 
largely preserve their structural inlegrit v. It. ap- 
proaching the problem of covalentlv conjugating 
polynucleotides to protein* w „ Ma . im , of s|imu . 
latiHK aiililwly formation, we soughl a procedure 
which ui.iil.1 .-mploy terminal ntit-ltt.Lidu i'0< or 
Oil groups for coupling Two ways i„ „-|,ieh the 
ternnnal I'O, groups might be coupled covalently 
t" protein w ,uld involve formation of a phospho- 
duster l,on,l with p n „, iM S(:| . y , und lh , 
residue* »r m. N-|- |,,, m ,_ witll |inil|!i „ f . (lmilK) 
groups (Fig. I, rcmrtioi* , ul .d 2 respectively). * 
On Ihe ol her hand, the OH group of a terminal 
sugar residue eould react with protein eurU.xyl 

r ,U,w f " rmi "« (Fig. 1, reaction 3). 

Among possible ,o„pling ,„,„„,„_ „„, ^ ^ 

'•••"'....lii.nides seemed especially attractive 

Ix^nuse Ihey are known to pro„„, (l ahe fornmlion 
of all three types of bonds (1). Evidence will be 
Presented ,n this communication -^.^ 
that nucleotides do couple to proteins and poly- 
ene under very mild conditions, in the presence 
.•arbodnm.de,-. Investigation strongly i mp ,j. 
tales formation of K-l> bonds as th c pnuciplc 
ypc of H„ka g e In the accompanying article it 
»»» that conjugates or pm tcillf; w it |, 

mononucleotides, oligonucleotides and DNA. 
elicit the formation of antibodies with nucleotide 
speeinc.ty (2). A. brief resume of this work ,2 
been reported earlier (3)/ 



MATERIAL AND METHODS 

(EDO)' was obtained from the Ott Chemical 
Company. Muskegon, Michigan. l- 3 -D, C y 0 
hcxylcarbodnmide (DCC) and 1-cyelohcxy -3- 
2-n.orph, my|.(4)-etbyl).earbodii mi de metlL- 

v ;;r u c: ,mu: ! C ;. 1C) ^ ^ ** 

Aldiich Cl.em.cal Company, Milwaukee, Ww- 
>^»r'"-A-H.U,y|.5- |1 |u a ,ylfc i o S u« l |i ulll ^.. sui ; onutc 
uinous i.u.nonucl^tides, p ur jf led tei • 
-non, phosphodiesterase and calf is.teatinc phos? 
phomono.stera.se. calf thymus and salmon sperm 
I>NA were obla.ned from thc Sigma Chemical 

*S?u r i U 1^ l:a " W,tt, ""tf« University 
' ,°' " , Mwll,: " ,C - J, "lvIysin C .HBr was a 
«*ucl of the J-ilot Chemical Company, Water! 
town Massachusetts (MW 70,000-80 000) 
3 -O-Aeetyl Uiymidylic acid was synthesized 
-ding jo the pioccclu.c of Gilham and 
Khonmu (4 .1e (l -athy,nidylie acid was prepared 
1'unhed by the method of Khorana and Viz- 
«oly. (5).. I he A'-butylaminc phosphoroamidatc of 
'uenyhc acd was prepared as described in 
reference ((i). 

Coupling of mono- and oligonucleotides to -pro- ' 
few.. The following will serve as an example of 
""• Pn-mlure used i„ ,,, U|lli „ f mQM> 



J uuhc Ire nl». Service, Grant 2 Tl-Al-219 



n„. I , C °T'" e aLbreviat i»-'« arc used through- 
out th.s «r .cle: ! e thv..3.dii S opropyla mi nocarbo- 
dmmde. ICl LDG ; 1.3.dic,clo. lc .xylearbodii ni ide. 

, clol,ex >l-3-(2-morpholiny|.(4) < thvl): 
carbodum.de metho-p-toluenesulfonatc, CMC- 
K,v.„e >. S lobulin, B 7 G; N.ethyl. 5 -p|. CI0 .', iso ., a ^: 
1 un.-3 -suKonate, reagent K; human serum 
albumin, HSA; tl.ymidylic acid, T5'-P0 4 • 3'-0 
thymidylic ncicl, 3'-0-Ac-TS-PO, ; 'tetrn- 
55f'5u "CMC 1^ 5h • 1 T5 '" , '°^CC-HSA and 

T5< >n 4 r «'^ A ! "' e t,u: ,,rotci " «»'iug»i«. of 

To .10, with HSA ... the presence of the respective 
coupling agent. 
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(vol. 



NH o 

CH-CHr-0-P-OCH 
C'O 0. 





CH-(CHJ 4 -NH-P-0CH 2 
C-0 A 



OH 




OH 



Very UM _ 



.riucleotides to protein: Human serum albumin 

S^'f me ' and 65 «« ^ thymidylic acid 
US -1 0 4 ) were dissolved in 0.5 ml H,0. The pH 
was adjusted to 7.5 and 65 mg EDC were added 
me reaction mixture was incubated for 24 hr at 
room temperature in the dark. The clear solution 
was chalyzed at 4°C against 0.01 M Tris chloride 
pti 7.6, to a constant 267/230 n V absorbency 
and phosphorus content (7). Protein eonccntra- 
tton was measured by dry weight (3) and the 
Lowry technique (9). 

The same general procedure was used in the 
coupling reactions involving adenylic acid, Puro- 
mycm adenine adenosine, thymidine and 
3 -O-ace yl thymidylic acid to both bovine 

7hsa) " ( 7G) aml human *™ m al,J,,mi » 

mjide, CMC, was earned out as described for 

un.de (DCC was mcubated fur l0 min with (iO 
m» 3 -0-acetylthym.dine 5'.P0, (3'.0-Ae-T5'- 

aolu io^ m !, 0f ^ Pyridine/ Thc W^inc 
solut,on was then added dropwise with rapid 
tirnng te a solution of 25 mg HSA in H 5 0 a 

purified' k^h", 12 ^ the nurture -as 

punned by dialysis as described above 

Attempts to couple T5 to proteins using Wood- 
ward s reagent K and tosyl chloride (10) were 
arned out under (he conditions described aboS 
(e.g., m aqueous solution with and without pre- 
irnmary mcubation of the mononucleotide with 
the act.vat.ng agent in dry pyridine) 
Twenty-seven milligrams of tetrathymidylic 



acid ( 1 oh were reacted with 4.2 mg HSA and 13 
msEDC m 0.25 ml H,0 at p H 7.5. The product 
was dialed for I week at room temperature and 
week at 4°C. During the final week of dialysis 
he absorbency of the protein (To), solution at 
-0( mji remained constant. 

Coupling of /JlV .., t0 „. h , 

merged salmon sperm UNA was denatured by 
b"'l»ng a 5 mg/ml solution for 10 min utu , then 
plunging the solution into a water bath contain- 
mg crushed ice. Two milliliters of thc denatured 
UNA s„lut.o.. were added to 20 mg of BvG 
Jwk»Iv«1 in 1.5 ml ofO.l N XaCI. The pH was 
<»lj»*tod to 7.5 and 20 ,„g EDC wen. added. The 
reaction mixture was allowed to incubate for 24 
>r at room temperature in thc dark and purified 
''>• 'l,alys,.s !lK!lill . st o.OI M Tris-lniffcred .s.Uine. 

i Smiil ' u,uou,u « lf Precipitate which formed 
"unng the incubation » :w Kuwvn \ bv c( . ntr jf u . 
«at.o,i at 10,000 rp, n for 1 hr. The material was 
analysed by electrophoresis employing cellulose 
acetate and urea starch gel with varying pH 
'-■ond.tions. Electrophoresis in the absence of 
urea was performed on.cellulose acetate in 0.05 
M barbital, pH S.fi, and in 0.05 M carbonate, 
P« lU, for 3 hr at room temperature, at 0 4 
ma/cm strip. Electrophoresis also was carried 
out m starch gel containing 7 M urea, 0.05 M 
formate, pH 3.4, at 125 v for S hr. Protein and 
DNA were localized by Amidoschwartz and 
1-eulgen stains respectively. Controls included 
the protein alone, EDC-treated protein alone, 
LUNA alone, and mixtures of DNA with un- 
treated and EDC treated protein,. The amounts 
of DNA and protein loaded on the strips in the 



TABLE I 

Extent of coupling of nucleosides and nucleotides to proteins and polyaminoacids 



Macromoleculc 



Nucleotide, Nucleoside 
or Base 



Coupling Apcnt 



Degree of 
Substitution per 
Molecule of Carrier 0 



Reactive Groups 
per Molecule 
of Carrier 



HSA 

HSA'* 

HSA 

HSA 

HSA 

HSA 

HSA 

HSA 

ByC 

B y 0 

Poly-400-lysiuc' 
Poly-400-Iysine 
Hydroxyothyl-poly-400-lysine 
Poly-nOO^Uit.uMiuUr 



T5' PO4 
To' PO4 
T5' PO< 
Adenine 
Thymidine 
Adenosine 
T5' PO< 
T5' PO ( 
T5' PO, 
T5' PO«. 
T5' POi 
3' 0-Ac-T5' 
T5' 1*0, 
T5' P(> 4 



PO* 



EDC 

DCC 

CMC 

EDC 

EDC. . ■ 

EDC 

To.syl chloride 

lleugcnt K 

EDC 

CMC 

EDC 

EDC 

EDO 

EDC 



23 

16 

13 
<1 
3 
5 

<0. 
<0. 
28 
17 
100 
100 
<2 



400 
400 
>400 
000 



» Conjugates went prepared. purified, and analyzed as dose ri hot! in Hit: I ext.. 

'* A mixture nf DCC and Tfi'-POi in dry pyridine was added dmpwi.se lo stirred protein solution (sec 
Material and Method*). 

« With minor elmi^e* »" the reaction eondilions, i.e., lowering total volume of the reaction mixture, 
conjugation t Iter ratio of 200 T5'-PO< groups per 400 lysyl residues could be obtained. 



controls were comparable lo the amounts present, . 
in the conjugates. 

Coupling of nxtckolulcs lo polyamino acids. Ten 
milligrams of polylysine -Illlr were dissolved in 
0.25 ml II/) and 35 iuk of TS'-POi were added. 
The pi I was adjusted to 7.5 und 35 mg of EDC 
were added. The preparation was incubated for 
24 hr at room temperature in the dark and then 
dialyzed as described above. In a similar fashion 
the reaction of T.V-PO4 and EDC with poly- 
tyrusiue and polyglutamic aeids was evaluated. 

To evaluate further the possible rcaetion of 
T5'-P04 with hydroxyl groups, hydroxylation of 
a high molecular weight polylysiue with ethylene 
oxide was curried out. 4 The polylysiue was iueu- 
bated at pH S to 9 with a 100-fold molar excess 
of ethylene oxide (with respect to polymer NH.) 
for 12 hr and purified by dialysis. The ninhydrin 
reaction of the product was negative, indicating 
quantitative hydroxycthylatiun of amino groups. 
The hydroxyethyl-polylysinc was then reacted 
with T5'-P0* at pH 7.5 in the presence of EDC. 

Enzymatic digestions of conjugates with 
snake venom phosphodiesterase and calf intestine 
phosphomonpest erase were carried out as de- 
scribed in references (12) and (13). Hydroxyl - 

* For a description of the reaction of ethylene 
oxide with proteins, see reference (11). 



amine treatment of conjugates was carried out 
iiis described in reference (14). 

HKSULTS 

Preliminary experiments conducted with 
thymidylie ..acid and human serum albumin in 
aqueous solution, in the presence of the water 
soluble earbodiimide 1 -elhyl-3-diisopropylamino 
earbodiimide (EDC), indicated that conjugation 
of the mononucleotide with protein had taken 
place. At neutral pH and room temperature a 
soluble product which contained 23 thymidylate 
residues/molecule was obtained (Table I). The 
absorption spectrum of the product as compared 
with those of the unsubstituted protein- and of 
the protein reacted with EDC alone is shown in 
Figure 2. The difference spectrum corresponded 
very closely to that of free thymidylie acid in 
the 250 to 2S0 mji region. The number of thy- 
midylate residues on the protein as estimated 
by the ultraviolet spectrum corresponded closely 
to the value obtained by quantitative phosphorus 
. analysis. 

Subsequent studies indicated that the con- 
jugation reaction could be extended to other 
mononucleotides and other proteins using several 
different carbodtimides (Table I). Even the 
water insoluble earbodiimide, DCC, could act 
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1. 800 



1.600 




260 

WAVELENGTH mjJk 



270 



280 



«w «i omplinjf a w .,,t provi, Illl( .|,„ u , t , 

" h l "'" ,,,,n "'••"l'"'ou,s i.... [Table I) 

I .! hv " agents known ,„ ,,„„„„„. 

iSr n" f,,n,,:i,i "" 

I" mu^tu.K Urn -uranism of the ,'trbo 

he 3 Oil group ,„ an wtcr ,„„„, ^ ■»= > 

-ety! thythidylic acid, wLh I a 

group at the 3' position, couple J U| k h 

•', . when the-conjusatc of thymidvli- aWd 
with human serum albumin was S ,d n 
^Ikahne hydrolysis at 37" i„ , U , S f 
vonous periods of time up to 1 h, -Z \ 
Jth hydroxyzine, unclcr ,i t ; ^ t-. 
leave ^ ester hoods (,4), 85 uWiv 
Phosphorous remained bound to protein- r 



InMu.a,,.,, ,nd under the „sual read ,„,. 

'"-Mab.e I);,/),,,,,,. ,, l|f ,„„,,.„. s . 

""•nonocstcrase cleaved a portion „f „„. ,,„,. 

h ; 1 '- f"„„ p m ,ei„ ,„,„„•,. 

• . was removed. This indicated that Heava,e 
""Unk,,,;; place at. a free o'-IH), ' 
J n:i«n,ilar manner il ,,„dd be Minuted lhat 
™'>' feu" .f any of the thymidylalcprotein 
."""•I* were of ,|,o phosphndiesler tvpe fFi K I 
, ; !m,|, «"« I): «) Ihymidylatr residues were"„ol' 
^ived ,o a significant decree from thvmidylatfe- 
f-A conjugates by 8nak( . , 
hos.erase; A) under the .,. U ,,|j„ t j. c , jnf | itioillj 

ZJ! ?^ . , ! , - vmi,1 - v,a,c *™l lo react 

P. e.ably.w.hthehydroxy.thylated derivative- 
of P olylysmc Materials and Methods) 

he results described above suited that " 
nc, he- „ ter or p has|)hodit)sU>l . |)()mls rou|(1 

£ count for the majority of the protein-bound 

£ f'Vf" 1 Mcnt ™ «» the possi- 
J»hty of an .VP bond as the predominant mean. 
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of combination (Fig. 1, reaction 2).~In accord 
with this possibility it could bo demonstrated 
that thy midy late readily reacted with, poly lysine 
producing a product with as many as 50% of 
e -amino groups of polylysinc substituted "with 
thy midy late. 5 Further evidence that N T — P Bonds 
can be formed in aqueous solution was obtained 
by paper chromatography of reaction mixtures 
containing hutylaminc, thyiyudylic acid and 
various earbodiunides. 

On treatment of To'-PCh-IiSA conjugates with 
calf intestine phosphomnnocsterasc at pH 0.5, 
thymidine unci VO A were li lu* rated from the 
protein, as judged by changes in phosphorous 
content and the ultraviolet spectrum after di- 
alysis (Tabic II). Since the enzyme had not been 
subjected to rigorous purification, (lie presence 
of phosphoumidnsc activity could well account 
for this result. In accord with this possibility it 
was found I lint phosphoamidc bonds on T.V-PO4- 
polylvsim* and the .V-hulylaminc phosphnnmi- 
date of adenylate, were Heaved by the. enzyme. 

Whiie it. w:is evident that, mononucleotides 
could )>e coupled to proteins by menus of earho- 
diimides, the applicability of the method to high 
molecular weight polymers remained to be es- 
tablished. Studies with a synthetically prepured 
tetramer of I by midy late (Tf)) 4 were encouraging; 
under the usual coupling conditions a conjugate 
of fT;")) 4 with USA was obtained which contained 
at least . r >0 (To) 4 residues per molecule of protein. 
The method also appeared lo be applicable to 
much larger units. I )cnnturcd salmon serum I )N A 
(molecular weight It) million) -was reacted with 
R7CI in the presence of EDC. The soluble product, 
obtained was subjected to electrophoresis under 
u variety of conditions including 7 M urea in 
si arch gel al pH 3.0. No condition was found 
which led to dissocial ion of l he UNA and protein 
moieties. Ry contrast, with mock conjugates 
between native or EDO-treated protein and 

1 Thymidylir acid also is capable of reading 
with rarbofliimidcs which contain secondary and 
tertiary amino groups. This reaction may assume 
some importance in protein conjugations using 
EDC or CMC. Judging from t he results of Khorana 
and his colleagues with various amines, EDO 
should be capable of reacting directly with protein 
forming a ! -ol hyl -M-dii.sopropylnmi nn-guanidine 
Mihsi it uent on I he alky I side chain of lysyl residues 
>l). ll i.-i possible that a porl h>u of (he t hymidvlatc 
groups become bnund to protein by coupling to 
el liyldiisopropylamino-gtianidinc. 



TABLE' II 

Digestion uf HSA-TS' I J 0*-EDC and poly-L- 
40Q-T5' P() 4 -EDC with phosphomono- 
esterase (calf intestine)' 1 





Enzyme 


Mg P/rrig 
Polylysine 
or Protein 


■ O.D. at 267 
nWmg 
Polylysinc 
or Protein'' 


I'oly-L-lOO-TS' 


0 


120 


. IS. 150 


POi-KDC 








] , nly-L,-400-T.V 


+ 


40 


(i.400 


V()<-EDC 








IISA-T5' VOa- 


0 


10 


2.400 


EDC 








IISA-T5' ]»0 4 - 




ti.5 


.UtiO 



edc 

" Digestion was carried out on duplicate samples 
as described in Reference (l.t) followed by pro- 
longed dialysis against. 0.1. "5 M saline, O.tXJl N 
Tris chloride, pi I 7.5. Control undigested samples 
were handled identically with the omission of 
c.it/.yme. 

Corrected for protein contribution aL 2(>7 m^. 

DNA, the. protein and DNA could be readily 
.separated. Wc woidd infer .from these results 
Lhat a stable linkage was formed between pro- 
tein and DNA molecules in the presence of EDC. 

Investigation of the reaction of adenosine and 
adenine with jirotein indicated that the u-amiuo 
group of the base reacts very sluggishly, if at all, 
with proteins under the usual coupling conditions. 
The relatively slight degree of conjugation ob- 
served with adenosine (Table I) may be due lo 
bonds involving the primary hydroxyl group at 
the .V position. Thymidine displayed a reactivity 
of similar magnitude. 

. DISCUSSION 

From the results described above it is evident 
that rarhodiimides afford a means of conjugating 
nucleotides and oligonucleotides to proteins. 
Evidence has been presented which indicates 
that the bulk of the reaction takes place with 
protein amino groups. It would also appear lhat 
denatured DNA forms a stable bond with pro- 
teins under similar conditions. However, the 
nature of the bond here is not established. It is 
possible that a portion. of the binding involves 
functional groups on purine and pyrimidine bases 
rather than terminal phosphate groups. 

The natural occurrence of X — P — 0 bonds in 
a-casein has been reported by Pcrlmann (15, 1G). 
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On the basis of results of enzvmatie digestion" 
she inferred that 40% of the total phosphorus 
was bound in an X— !»_() linkage, 20% as pyro- 
phosphate and 40%. as a phosphomonoester. She 
found that complete removal of the phosphorus 
was accompanied hy disintegration of the protein- 
.into smaller units. 

In the past several years, .several methods have 
been described for combining purine and pyrimi- 
( diae bases or nucleoside with protein in order to 
render these materials antigenic. Karlier studies 
by Butler el al and hy Tanenhaum and Reiser 
employed trichloromei hyl purines and pvrimi- 
dines for conjugation (17, US). While our own 
•studies were in progress. Krlanger and Beiser 
described a reaction involving the vicinal hy- 
droxy! groups on the sugar moiety of ribonucleo- 
tides (19). The ribonucleotide was oxidized with 
-sodium periodate, coupled to protein, and the 
linkage stabilized by reduction. Thus reaction 
converted the ribose HVe-mrmhitrrtl ring t.o a 
six-memberod ring containing a nitrogen derived 
from the protein. Another recent approach h:is 
been that of Sola ai al. which involves the con- 
version of mononucleotides or nucleosides p, 
nucIeoside-5'-carboxylir acids. The nucleoside-",' 
carboxylic acid is then coupled to polyamino,aeiils 
containing free e-amino groups (20). /;.' " 

In the method of conjugal ion described in this 
article, mononucleotides, oligonucleotides, arid . 
DNA are cou|>Ied directly to protein. Mv con- 
trast, the methods described in the preceding 
paragraph require some form of preliminarv 
fhemical modification of ihr mononucleotide 
'tttcleoside or b It se. The applicabilil v of these 
methods to coupling larger units (oligo- and poly- 
nucleotides) to proteins or polvamino acids hi* 
not been established. We believe, therefore that 
the general method described herein has certain 
advantages over previously described procedures. 

There are a variety of other phnsphnrus-con- 
taining compounds of biologie j nt(MVst . ivhi( . h 
might be linked to proteins in the presence of 
carbodumides. Efforts to date to promote the 
formation of eovalent conjugates between flavin 
mononucleotide and protein with 121 )C have not 
been conclusive, however. Clearly, more work is 
needed before the applicability of the coupling 
procedure to non-nueleotide monophosphates is 
established. 
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In the subsequent article we will describe 
•studies on the antibody specificity of nnti.sera 
obtained after immunization with these con 
Jugates, 
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In the accompanying article we have described 
methods for preparing mono, oligo and poly- 
nucleotide pro tern conjugates (1). J This article is 
concerned with the evaluation of the immuno-" 
logic response to these preparations. We prill - 
present evidence for the formation of antibodies 
with specificity for nucleotides and DNA as 
demonstrated by precipitin and complement 
fixation reactions. The results of prelimiuary 
evaluation of the antibody response to tetra- 
thymidylic acid in terms of the number of nn- 
cleotide residues involved in the antigenic site 
also will bo reported. 

MATERIALS AND METHODS 

„ Methods for preparing protein conjugates and 
tetrathymidylic acid arc described in the pre- 
ceding article (1). 

Random bred albino rabbits (2.5 kg) were 
immunized with cither 2 or 3 mg of nucleotide 
or polynucleo tide-protein conjugate in complete 
Freund's adjuvant, distributed among the foot- 
pads. Antiaera were obtained by cardiac puncture 
at 21 to 26 days. Globulin fractions were obtained 
by precipitation at 50% ammonium sulfate 
followed by dialysis. 

In quantitative precipitin analysis, antigen and 
antisera or globulin fractions were incubated at 
37°C for 1 hr, and at 4°C for 16 to 36 hr. Pre- 
cipitates were washed three times with ice-cold 

1 Postdoctoral Fellow of the United States 
Public Health Service, Grant 2 Tl-AI-219. 

1 Recipient of a Research Career Development 
Award from the United States Public Health 
Service. 

1 For abbreviations see footnote' in the preced- 
ing article (1), Protein conjugates are designated 
by nucleotide, coupling agent and protein. For 
example T5'-P0 4 -EDC-ByG was obtained by 
conjugation of thymidylic acid to B7G in the 
presence of 1 -ethyl -3-diisopropylaminocarbodi- 
imide (EDO). 



saline, dissolved in 0.5% sodium lauryl sulfate 
b water and read at 280 m/i on the spectropho- 
tometer. In calculatbg the amount of antibody 
b the precipitate, a correction was made for 
antigen contribution (see legend, Fig. 1) and it 
was assumed that a 1-mg/ml solution of rabbit 
7-globuIin has an absorbance of 1.5 at 280 mu. 

Quantitative complement fixation usbg the 
50% hemolytic unit was carried out as described 
b (2). . . 

RESULTS 

Eight antisera to T5'-P0 4 -EDC-HSA were 
evaluated using T5'-P0 4 -CMC-B7G as the 
prccipitatbg antigen. The amount of antibody 
precipitated varied from 0.6 to 1.2 mg/ml. An 
example of a precipitin curve with a globulb 
fraction and varybg amounts of antigen is shown 
b Figure 1. The complement fixation curve of 
this same globulin fraction at a dilution of 1:100 
with denatured DNA as antigen is shown in 
Figure 2. Under the same conditions native DNA 
failed to fix complement with this antiserum. 
The amounts of TS'-PO* specific antibody formed 
when T5'-P04-CMC-B T G was used as the im- 
rnunizbg antigen were comparable to the above. 

The results of hapten inhibition of precipita- 
tion with antibody to T5'-PO< are shown b 
Figure 3.* The relatively poor bhibition by 
thymine and thymidbe as compared to thymi- 
dylic acid bdicates that antibody specificity is 
to the entire molecule. Mixtures of the component 
parts of the T5'-PO« molecule (e.g., 2-deoxy-d- 
ribose, thymine and borganic phosphate) b- 
hibited only slightly better than thymbe alone. 

4 Using T5'-PO«-CMC-BtG aa precipitating 
antigen at 0.06 M T5'-P0 4 , more than 90% inhibi- 
tion of precipitation was observed. This curve was 
not shown because a small amount of spontaneous 
precipitation by the antigen resulted in higher 
blanks. 
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Adenylate and cytidyiate inhibited much less 
effectively than T5'-PO< . 

The specificity of the thymidylate inhibition 
of precipitation was evaluated with two un- 
related antigen-antibody systems. No inhibition 
was seen at concentrations as high as 0.06 M 
with egg albumin and CMC-B7G and their 
respective antibodies. 

Similarly, hapten inhibition of complement 
fixation between antibody to TS'-PCVEDC^G 
and T5'.PO<-EDC-HSA could be demonstrated 
(Fig. 4). The relative inhibitory capacity of 
various haptens was similar to that in hapten 
inhibition of precipitation; as expected, lower 
concentrations of hapten were required for 50% 
inhibition in the complement fixation system. 
No complement fixation was observed between 
EDC-HSA and the anti TS'-PO^EDC-ByG 
globulin fraction. This is in accord with nearly 
complete inhibition of complement fixation by 
T5'-PO* at a concentration of 3 X 10~ 5 M. No 
complement fixation was observed between 
T5'-P0 4 -EDC-HSA and "normal" rabbit globu- 
lin. 
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The specificity of inhibition of complement 
fixation by T5'-P0< was evaluated with poly. 
penicoyl-B7G (3) and its specific rabbit anti- 
serum (in- the form of a globulin fraction). No 
inhibition of complement fixation was observed 
at a T5'-PO< concentration of 0.06 M. 

■■Antisera to tetrathymidylic acid. Three antisera 
were obtained to (TS')rEDC-HSA. On the basis 
of the amount of globulin precipitated with 
TS'-POi-CMC-ByG the sera contained an aver- 
age of 1.0 mg/ml antibody specific for the thy- 
midyiate polymer. The results of hapten inhibi- 
tion of a pooled globulin fraction of the three 
sera are shown in Table L The monomer and the 
tctramer of thymidylate wore about equivalent 
as inhibitors (based on the number of thymidylate 
residues present). Higher concentrations of 
hapten were not used because of the limited 
supply of tctrathymidylatc. Similar inhibition 
data were obtained with an antibody specific 
for T5'-P04-CMC-IBA. Tim somewhat lower 
efficiency of the tctramer us an inhibitor using 
equivalent concentrations of thymidylate resi- 
dues presumably Ls due Lo steric hindrance to 
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inflXia tTJ indict * "° T5 '- P0 " ED C-HSA using T5<.PO,CMCBvC as precipitat- ■ 

■ duplS tubes) ?rec nLr U ( f ^ ™* iaMd with °- 5 " mJ v ° lu <™ « « rum 

icmp icate tubes) Precip.tates were washed and analyzed in a volume of 1.0 ml 0 5% sodium lauryl 

su fate as described m the text. The absorbance at 280 m M (ordinate) is corrected for antigc "SbS 

= ,ng complete precp.tation of antigen in antibody excess, 95% at equivalence and 80% ^InCn 
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Figured. Cuinplument fixal ion : Aimlvsi* nf u rabbi t an! isonim In TV PO T?l^n ttwa • 
de^tu.d DNA a, ^ The indeed u BI «u„U 

cent ro tubes. bnW DNA d.d not fix complement with "normal" rabbit globulin (obtained from 
animala imiiumucd with unrelated antigen* it. complete adjuvant). . 



the simultaneous binding of several antibody 
molecules to the same tetntthymidylate moleeulc. 

AntUcra to DNA, Antisera to DNA-protcin 
conjugates failed to precipitate with homologous 
and heterologous DNA by ring test and double 
diffusion in agar gel. Antisera both to- native 
Figure bB and denatured Figure 5/1 calf thymus 
DNA antiserum (immunization with DNA- 
CMC-B7G) fixed complement with denatured 
calf thymus DNA at dilutions of 1 : 100 or higher. 
No complement was fixed with native DNA. 
Antisera to salmon sperm and r.ulf thymus DNA 
fixed complement equally well with homologous 
and- heterologous DNA. This result suggested 
that complement fixation was not due to protein 
antigens contaminating the DXA preparations. 
The presence of antibodies with nucleotide spec- 
ificity was confirmed by the results of precipitin 
analysis. Antisera to the DNA-CMC-B7G con- 
jugates formed precipitates with T5'-P0 4 -EDC- 
iiSA (Fig. 0). The average serum concentration 
of nucleotide specific antibody was estimated to 
j>e 1.2 mg/mJ, using an antibody to salmon sperm 
DNA (immunization with DNA-CMC-B7G) and 
the above precipitating antigen. Precipitation was 
inhibited to the extent of 20%, 35% and 80% 



at T5'-P0 4 concentrations of 0.00G, 0.03 and 
O.Ofi M respectively. Deoxyadcnylic acid pro- 
duced comparable inhibition, in contrast to what 
was observed with antibodies to T5'-P0 4 , sug- 
gesting that both dcoxyribonucleotides (and 
presumably all four) participate in the antigenic 
groupings. 

Antibody with nucleotide specificity at a con- 
centration of 0.8 to 1.0 mg/ml also was demon- 
strated in the serum from two animals immunized 
with a mock DNA-EDC protein conjugate.' The 
protein had been reacted with EDC in the ab- 
sence of DNA, and then dialyzed thoroughly to 
remove unreacted coupling agent. On mixing 
the EDC-protein with denatured DNA at neu- 
tral pH a precipitate formed which then was 
used for immunization. 

DISCUSSION 

The results of the immunologic studies indicate 
that nucleotides, oligonucleotides, and DNA- 
protein conjugates induce the formation of anti- 
bodies with nucleotide specificity. The antibodies 
react both with denatured DNA and with nucleo- 
tide protein conjugates. While the immunologic 
response to analogous RNA protein preparations 
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u^S'SSScS 6 ?;^;^ f buli ° ^»n.of rabbit flntiaorum to T5 , pQ 
Jem). Each point represents tha ^ ^ ™j£ T ("'^«c.. W 
tweea duphcate tubea did not exceed 3% Con n fn detar " unat ' on3 - The deviation in absorbance be- 

not .nh lb .t potation at 0.00 M in tJunrelat^ = ^midy.ic -id did 



has not been studied/it may be presumed that 

be S differeDt of MTA could 

be obtained by the same procedure 

In employing water soluble carbodiimides to 
prepare nucleotide protein conjugates several 
side reactions can take place. Carbodiimide 
promote the formation of peptide bonds between 
proton molecules (4), altering the antigenic 
ructure of the protein. Carbodiimides can be 

base ( 6 ) d .rectly under certain conditions, in- 

roducmg new antigenic groups. Any contribu- 
tion of the protein and the cQ 

antibody response can be evaluated by nucl ot de 
«Jub*on of precipitation and compfement ta 
^Moreover, contributions by non-nucl JSb 

batdt 3 t r be ! arseIy or com ^ iet ^ ^ 

mated by the use of unconjugated DNA as the 
ant gen m complement fixation, by varying he 
protem and the coupling agent used" in p^parLg 
ttatart antigen, or by absorption of the an^ 



Jl J 5 paSt L SevcraI y cara ^veral groups have 
reported antibody formation to purine and py- 
nm.dme bases, nucleosides or mononucleotides 
(7-10). The production of antibodies to oligo- 
nucleotides and to purified DNA has remained 
a problem, however. Yachnin was unable to 
produce antibodies to homopolymers of several 
Qucleo.t.des or to purified DNA (U, 12). During 
the course of our own studies Plescia eC al. re- 
ported that the precipitate formed by mixing 
tbe polycationic protein, methylated serum 
albumin and denatured DNA produced anti- 
bodies reactive with DNA (13). The basis for 
the immunogenic^ of DNA and other acidic 
polymers, when given in the form of a reversible 
complex with methylated serum albumin is not 
entirely clear. In addition to the several explana- 
tions suggested by Plescia et al., we believe there 
* the possibility that the ester groups , on the 
protem might react in mo with formation of 
covatent bonds between DNA and protein. 
Fruton has called attention to the fact that 
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™ i\ ,"^ n T !e " " """Pamela fixation. A 1:100 dilution of a globulin fraction of rabbit 
anti-T5 -POi-EDC-IISA was incubated with 1 M g T5'-P0,-EDC-B 7 G. Hapten concentrations are ex- 
pressed in ramolcs/ml (auHcissa). (■ ■ = thymidylic acid; • • = thymidine- A A « cyti- 

dme; O O - thymine; A A - adenosine; □ Q = a mixture of thymine, 2-dcoxy-d-riboae 

and inorganic phosphate, each at the concentrations indicated, on the abscissa. 



TABLE I 

Comparative hapten inhibition of precipitation of 
globulin fractions from animals immunized 
with mono- and tctra-thymidylatc 



Immuniiing Antigen 


Concent rati on 
of Hapten 


Hapten 
T5'-rO ( (TS')i" 






% 


% 


HSA-(T5')<-EDC 


6 X 10~* 


13 


10 




G X 10-* 


5 


0 


HSA-T5.'-P0 4 -EDC 


G X 10~« 


32 


17 




6 X icr s 


17 


14 



° The molarity of the (T5'} 4 hapten is expressed 
per T5'-P0 4 residue. 

The precipitating antigen used for both' anti- 
bodies was the equivalent amount of T5'-PO<- 
CMC-ByG. 

Control precipitates (no hapten present) con- 
tained 0.1G mg antibody protein. Precipitates were 
analy 2e d in duplicate as described in the text and 
the legend for Figure 1. 

aliphatic esters of amino acids are activated in a 
thermodynamic sense and might undergo re- 
actions such as. aminolysis in vivo (14). In this 
regard it would be of interest to study the im- 



rnunogenicity of DNA complexed with other 
polycationic macromolecules. The formation of 
antibodies to the insoluble mock conjugate of 
EDC-trcated protein and DNA which we ob- 
served in this study is presumably analogous to 
what occurs with the methylated serum albumin- 
DNA complexes. 

The relative advantages of the carbodiimide 
and the methylated serum albumin methods for 
producing antibodies to DNA and oligonucleo- 
tides remain to be fully evaluated. The carbo- 
diimide technique is applicable to units of any 
size; the minimal nucleotide size for antigenicity 
in oligonucleotide-methylated serum albumin 
complexes is probably of the order of four to 
eight nucleotide residues and may be larger in 
some instances (15). Moreover, the conjugates 
prepared by the carbodiimide procedure usually 
are entirely soluble; this is an advantage in that 
in the methylated serum albumin-DNA insoluble 
complex, large portions of the DNA may be 
buried and unable to act as antigenic sites. On 
the other hand, carbodiimides which contain 
secondary and tertiary amine groups can react 
with nucleotide bases altering DNA structure. 
For this reason it may be desirable to use the 
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™^«^uL?Z£^?JjT*'« 1 ^u. DNA-CMC-ByC usil>g TS'-PO,- 



nonpolar carbodiimide, DCC, as the coupling 
agent rather than EDC or CMC. 

The question remains as to whether antibodies 
to vanous types of DNA will be able to distin 



RS 5! T° l0g0US anti e en fr °<» heterologous 

k nUmber of different 

.de bases and the structural similarity between 
the two punnes and the two pyridines make 
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the degree of potential antigenic vari»h«n • 
single stranded DNA much' less than that ^ a 
protem. Presumptive evidence that an ant body 
s.te may encompass at l eas t 4 to 5 nucleotide 
n. due. has been obtained . b- the studies 0 
Stollar, Levme and their coUeagues ( iej" £ 
sera from patients with l upu5 erytlLL™- 
They found several sera ia ^ 7^ r 
pentamerof thymidylic acid inh ibited J^, 
ment fi.xaUon much more effectively than did 
the monomer. Our own preliminary studies usin, 
tetrathym.dy.ate as antigen have'no t ^ZZ 
evdence for an antibody response to the enSre 
ohgonuc eot.de. Nor ™* there obvious dtf 
ences between antibodies to two types of DN A 
d.ffer.ng appreciably in ha* composition) in 

with the homologous and heterologous DNA It 
To" 1 " ,1 >; : '-over 1 that the antibody \ 
s = o t Tor and that this W ^ 

started b> ubsorpUon of the antisera with the 
heterologous DN.,\. Similarly, absorption o he 
jntaera to tetrathymidylie acid n ight r veu 

or thL'T' 0 ",- 0 ' lh0 Mti ^ "^l-S 
tor the entire oligonucleotide. 
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Draft. 5. 14.02 

ENGELHARDT ET AL, U.S. PAT. APPL. SER. NO. 08/479,997 
NEW CLAIMS 576-825 FOR SUBMISSION WITH AMENDMENT 
(In Response to November 26, 2001 Office Action) 

576. An oligo- or polydeoxyribonucleotide which is complementary to a nucleic 
acid of interest or a portion thereof, said oligo- or polydeoxyribonucleotide 
comprising at least one modified nucleotide having the formula 

Sig-PM-SM-BASE 

wherein PM is a phosphate moiety, SM is a sugar moiety and BASE is a base 
moiety selected from the group consisting of a pyrimidine, a purine and a 
deazapurine, or analog thereof, said PM being attached to SM, said BASE being 
attached to SM, and Sig being covalently attached to PM directly or through a 
chemical linkage, said Sig comprising a non-polypeptide, non-radioactive label 
moiety which can be directly or indirectly detected when attached to PM or when 
said modified nucleotide is incorporated into said oligo- or polydeoxyribonucleotide 
or when said oligo- or polydeoxyribonucleotide is hybridized to said complementary 
nucleic acid of interest or a portion thereof. 

577. The oligo- or polydeoxyribonucleotide of claim 576, wherein said Sig is or 
renders the nucleotide or the oligo- or polydeoxyribonucleotide self-signaling or self- 
indicating or self-detecting. 

578. The oligo- or polydeoxyribonucleotide of claim 576, wherein said Sig moiety 
comprises at least three carbon atoms. 
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579. The oligo- or polydeoxyribonucleotide of claim 576, wherein said covalent 
attachment is selected from the group consisting of 

OH 

I 

- P - 0 - 

II 
0 

and 

OH 

I 

- P - 

II 

0 . 

580. The oligo- or polydeoxyribonucleotide of claim 576, wherein said chemical 
linkage does not interfere substantially with the characteristic ability of Sig to form 

a detectable signal. 

581 . The oligo- or polydeoxyribonucleotide of claim 576, wherein said chemical 
linkage comprises a member selected from the group consisting of an olefinic bond 
at the a-position relative to the point of attachment to the nucleotides -CH2NH- 
moiety, or both. 



582. The oligo- or polydeoxyribonucleotide of claim 576, wherein said chemical 
linkage comprises an allylamine group. 
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583. The oligo- or polydeoxyribonucleotide of claim 576, wherein said chemical 
linkage comprises or includes an olefinic bond at the a-position relative to the point 
of attachment to the nucleotide, or any of the moieties: 

- CH = CH 2 - NH - 

- CH = CH - CH 2 - NH - 

- CH = CH - CH 2 - 0 - CH 2 - CH - CH 2 - NH -, 

I 

OH, 

0 

II 

- S -, - C - 0, and - 0 - . 

584. The oligo- or polydeoxyribonucleotide of claim 576, wherein said chemical 
linkage of Sig includes a glycosidic linkage moiety. 

585. The oligo- or polydeoxyribonucleotide of claim 576, wherein said PM is 
monophosphate, a diphosphate or a triphosphate and said Sig moiety is covalently 
attached to said PM through a phosphorus atom or phosphate oxygen. 

586. The oligo- or polydeoxyribonucleotide of claim 576, wherein Sig comprises a 
component selected from the group consisting of biotin, iminobiotin, an electron 
dense component, a magnetic component, a metal-containing component, a 
fluorescent component, a chemiluminescent component, a chromogenic component 
or a combination of any of the foregoing. 

587. The oligo- or polydeoxyribonucleotide of claim 586, wherein said electron 
dense component comprises ferritin. 
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588. The oligo- or polydeoxyribonucleotide of claim 586, wherein said magnetic 
component comprises magnetic oxide. 



589. The oligo- or polydeoxyribonucleotide of claim 588, wherein said magnetic 
oxide comprises ferric oxide. 



590. The oligo- or polydeoxyribonucleotide of claim 586, wherein said metal- 
containing component is catalytic. 

591 . The oligo- or polydeoxyribonucleotide of claim 586, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 
rhodamine and dansyl. 

592. The oligo- or polydeoxyribonucleotide of claim 576, wherein said Sig moiety 
is attached to a terminal nucleotide in said oligo- or polydeoxyribonucleotide. 

593. The oligo- or polydeoxyribonucleotide of claim 592, wherein the sugar moiety 
of said terminal nucleotide has a hydrogen atom at the 2' position thereof. 

594. The oligo- or polydeoxyribonucleotide of claim 592, wherein the sugar moiety 
of said terminal nucleotide has oxygen atoms at each of the 2' and 3' positions 
thereof. 



595. The oligo- or polydeoxyribonucleotide of claim 576, comprising at least one 
ribonucleotide. 
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596. An oligo- or polydeoxyribonucleotide which is complementary to a nucleic 
acid of interest or a portion thereof, said oligo- or polydeoxyribonucleotide 
comprising at least one modified nucleotide having the structural formula: 




BASE 



H , 1 H 

y Z 

wherein BASE is a moiety selected from the group consisting of a 
pyrimidine, a purine and a deazapurine, or analog thereof, and wherein BASE is 
attached to the 1' position of the pentose ring from the N1 position when BASE is 
a pyrimidine or from the N9 position when BASE is a purine or a deazapurine; 

wherein x is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein y is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein z is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; and 

wherein Sig is covalently attached directly or through a chemical linkage to at least 
one phosphate selected from the group consisting of x, y, z, and a combination 
thereof, said Sig comprising a non-polypeptide, non-radioactive label moiety which 
can be directly or indirectly detected when so attached to said phosphate or when 
said modified nucleotide is incorporated into said oligo- or polydeoxyribonucleotide 
or when said oligo- or polydeoxyribonucleotide is hybridized to said complementary 
nucleic acid of interest or a portion thereof. 
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597. The oligo- or polydeoxyribonucleotide of claim 596, wherein said Sig is or 
renders the nucleotide or the oligo- or polydeoxyribonucleotde self-signaling or self- 
indicating or self-detecting. 

598. The oligo- or polydeoxyribonucleotide of claim 596, wherein said Sig moiety 
comprises at least three carbon atoms. 

599. The oligo- or polydeoxyribonucleotide of claim 596, wherein said covalent 
attachment is selected from the group consisting of 

OH 

I 

- P - 0 - 

II 
0 

and 

OH 

I 

- P - 

II 

0 . 

600. The oligo- or polydeoxyribonucleotide of claim 596, wherein said chemical 
linkage does not interfere substantially with the characteristic ability of Sig to form 
a detectable signal. 

601 . The oligo- or polydeoxyribonucleotide of claim 596, wherein said chemical 
linkage comprises a member selected from the group consisting of an olefinic bond 
at the ct-position relative to the point of attachment to the nucleotide, a -CH2NH- 
moiety, or both. 
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602. The oligo- or polyribonucleotide of claim 596, wherein said chemical 
linkage comprises an allylamine group. 

603. The oligo- or polydeoxyribonucleotide of claim 596, wherein, said chemical 
linkage comprises or includes an olefinic bond at the cc-position relative to the point 
of attachment to x, y or z, or any of the moieties: 

-CH = CH 2 -NH- 
- CH = CH - CH 2 - NH - 

- CH = CH - CH 2 - O - CH 2 - CH - CH 2 - NH - 

I 

OH, 

0 

II 

- S -, - C - O, and - 0 - . 

604. The oligo- or polydeoxyribonucleotide of claim 596, wherein said chemical 
linkage of Sig includes a glycosidic linkage moiety. 

605. The oligo- or polydeoxyribonucleotide of claim 596, wherein said x and y 
each comprise a member selected from the group consisting of a monophosphate, 
a diphosphate and a triphosphate and said Sig moiety is covalently attached to 
either or both of said x and y through a phosphorus atom or phosphate oyxgen. 
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606. The oligo- or polydeoxyribonucleotide of claim 596, wherein Sig comprises a 
component selected from the group consisting of biotin, iminobiotin, an electron 
dense component, a magnetic component, a metal-containing component, a 
fluorescent component, a chemiluminescent component, a chromogenic component 
or a combination of any of the foregoing. 

607. The oligo- or polydeoxyribonucleotide of claim 606, wherein said electron 
dense component comprises ferritin. 

608. The oligo- or polydeoxyribonucleotide of claim 606, wherein said magnetic 
component comprises magnetic oxide. 

609. The oligo- or polydeoxyribonucleotide of claim 608, wherein said magnetic 
oxide comprises ferric oxide. 

610. The oligo- or polydeoxyribonucleotide of claim 606, wherein said metal- 
containing component is catalytic. 

61 1. The oligo- or polydeoxyribonucleotide of claim 606, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 
rhodamine and dansyl. 

612. The oligo- or polydeoxyribonucleotide of claim 596, wherein said Sig moiety 
is attached to a terminal nucleotide in said oligo- or polydeoxyribonucleotide. 
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613. The oligo- or polydeoxyribonucleotide of claim 612, wherein z of said 
terminal nucleotide comprises a hydrogen atom at the 2' position thereof. 

614. The oligo- or polydeoxyribonucleotide of claim 612, wherein both y 
and z of said terminal nucleotide comprise an oxygen atom at each of the 3' 
and 2' positions thereof, respectively. 



615. The oligo- or polydeoxyribonucleotide of claim 596, comprising at least one 
ribonucleotide. 



616. The oligo- or polydexoyribonucleotide of claim 596, having the 
formula: 



ng the structural 



0 

II 

HO— P— 

I 

OH 



BASE 



--0-CH 2 ^0 




H. 



H 

z 0 



OH 



BASE 



H rf 




m 



H 

z 0 



BASE 



■P— j-O-CH^Q 
if 



OH 



H 




H 

z O 



-p.. 

I 

OH 



-OH 



wherein m and n represent integers from 0 up to about 100,000, and wherein said Sig 
moiety is attached to at least one of the phosphate moieties in said structural formula. 
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617. An oligo- or polynucleotide which is complementary to a nucleic acid of 
interest or a portion thereof, said oligo- or polynucleotide comprising at least one 
modified nucleotide having the formula 

Sig - PM - SM - BASE 

wherein PM is a phosphate moiety, SM is a sugar moiety and BASE is a moiety 
selected from the group consisting of a pyrimidine, a purine and a deazapurine, or 
analog thereof, said PM being attached to SM, said BASE being attached to SM, 
and Sig being covalently attached to PM directly or via a chemical linkage, said Sig 
comprising a non-polypeptide, non-radioactive label moiety which can be directly or 
indirectly detected when attached to PM or when said modified nucleotide is 
incorporated into said oligo- or polynucleotide, or when said oligo- or polynucleotide 
is hybridized to said complementary nucleic acid of interest or a portion thereof, 
provided that when said oligo- or polynucleotide is an oligoribonucleotide or a 
polyribonucleotide, and when Sig is attached through a chemical linkage to a 
terminal PM at the 3' position of a terminal ribonucleotide, said chemical linkage is 
not obtained through a 2", 3' vicinal oxidation of a 3' terminal ribonucleotide 
previously attached to said oligoribonucleotide or polyribonucleotide. 

618. The oligo- or polynucleotide of claim 617, wherein said Sig is or renders the 
nucleotide or the oligo- or polynucleotide self-signaling or self-indicating or self- 
detecting. 

619. The oligo- or polynucleotide of claim 617, wherein said Sig moiety comprises 
at least three carbon atoms. 
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620. The oligo- or polynucleotide of claim 617, wherein said covalent attachment 
is selected from the group consisting of 

OH 
I 

- P - 0 - 

' II 
0 

and 

OH 
I 

- P - 

II 

0 . 

621. The oligo- or polynucleotide of claim 617, wherein said chemical linkage does 
not interfere substantially with the characteristic ability of Sig to form a detectable 
signal. - 

622. The oligo- or polynucleotide of claim 617, wherein said chemical linkage 
comprises a member selected from the group consisting of an olefinic bond at the 
cc-position relative to the point of attachment to the nucleotide, a -CH2NH- moiety, 
or both. 

623. The oligo- or polynucleotide of claim 617, wherein said chemical linkage 
comprises an allylamine group. 
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624. The oligo- or polynucleotide of claim 617, wherein said chemical linkage 
comprises or includes an olefinic bond at the a-position relative to the point of 
attachment to the nucleotide, or any of the moieties: 

-CH = CH 2 -NH- 

- CH = CH - CH 2 - NH - 

- CH = CH - CH2 - 0 - CH 2 - CH - CH 2 - NH - 

I 

OH, 

0 
II 

- S -, - C - 0, and - 0 - . 

625. The oligo- or polynucleotide of claim 617, wherein said chemical linkage of 
Sig includes a glycosidic linkage moiety. 

626. The oligo- or polynucleotide of claim 617, wherein said PM is a 
monophosphate, a diphosphate or a triphosphate and said Sig moiety is 
covalently attached to said PM through a phosphorus atom or a phosphate 
oxygen. 

627. The oligo- or polynucleotide of claim 617, wherein Sig comprises a 
component selected from the group consisting of biotin, iminobiotin, an electron 
dense component, a magnetic component, a metal-containing component, a 
fluorescent component, a chemiluminescent component, a chromogenic component 
or a combination of any of the foregoing. 

628. The oligo- or polynucleotide of claim 627, wherein said electron dense 
component comprises ferritin. 
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629. The oligo- or polynucleotide of claim 627, wherein said magnetic component 
comprises magnetic oxide. 



630. The oligo- or polynucleotide of claim 629, wherein said magnetic oxide 
comprises ferric oxide. 

631. The oligo- or polynucleotide of claim 627, wherein said metal-containing 
component is catalytic. 

632. The oligo- or polynucleotide of claim 627, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 
rhodamine and dansyl. 



633. The oligo- or polynucleotide of claim 617, wherein said Sig moiety 
attached to a terminal nucleotide in said oligo- or polynucleotide. 



is 



634. The oligo- or polynucleotide of claim 633, wherein the sugar, moiety of said 
terminal nucleotide has a hydrogen atom at the 2' position thereof. 

635. The oligo- or polynucleotide of claim 633, wherein the sugar moiety of said 
terminal nucleotide has an oxygen atom at each of the 2' and 3' positions thereof. 

636. The oligo- or polynucleotide of claim 617, comprising at least one 
deoxyribonucleotide. 
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637. An oligo- or polynucleotide which is complementary to a nucleic acid of 
interest or a portion thereof, said oligo- or polynucleotide comprising at least one 
modified nucleotide having the structural formula: 




BASE 



y , Z 

wherein BASE is a moiety selected from the group consisting of a 
pyrimidine, a purine and a deazapurine, or analog thereof, and wherein BASE is 
attached to the V position of the pentose ring from the N1 position when BASE is 
a pyrimidine or from the N9 position when BASE is a purine or a deazapurine; 

wherein x is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein y is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein z is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; and 

, . wherein Sig is covalently attached directly or through a chemical linkage to 
at least one phosphate selected from the group consisting of x, y and z, and a 
combination thereof, said Sig comprising a non-polypeptide, non-radioactive label 
moiety which can be directly or indirectly detected when so attached to said 
phosphate or when said modified nucleotide is incorporated into said oligo- or 
polynucleotide, or when said oligo- or polynucleotide is hybridized to said 
complementary nucleic acid of interest or a portion thereof, provided that when 
said oligo- or polynucleotide is an oligoribonucleotide or a polyribonucleotide and 
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when Sig is attached through a chemica. linkage ,o a terminal PM at the 3' position 
of a terminal ribonucleotide, said chemical linkage is no, obtained through a T 3' 
vicinal oxidation of a 3' terminal ribonucleotide previously attached to said 
oligoribonucleotide or polyribonucleotide. 

638. The oligc cr polynucleotide of claim 637, wherein said Sig is or renders the 
nuoleot,de or the oligo- or polynucleotide self-signaling or self-indicating or self- 

detecting. 

639. The oligo- or polynucleotide of claim 637, wherein said Sig moiety comprises 

at least three carbon atoms. L 

640. The oligo- or polynucleotide of claim 637, wherein said cova.ent attachment 
is selected from the group consisting of 

OH 

I 

- P - 0 - 

II 

0 - 

and 

OH 

I 

- P - 
II 

0 . 

641 . The oligo- or polynucleotide of claim 637, wherein said chemical linkage does 
not -nterfere substantially with the characteristic ability of Sig to form a detectable 
signal. 
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642. The oligo- or polynucleotide of claim 637, wherein said chemical linkage 
comprises a member selected from the group consisting of an olefinic bond at the 
a-position relative to the point of attachment to the nucleotide, a -CH2NH- moiety, 
or both. 

643. The oligo- or polynucleotide of claim 637, wherein said chemical linkage 
comprises an allylamine group. 

644. The oligo- or polynucleotide of claim 637, wherein said chemical linkage 
comprises or includes an olefinic bond at the a-position relative to x, y or z, or any 
of the moieties: 

-CH = CH2-NH- 

- CH = CH - CH2- NH - 

- CH = CH - CH 2 - 0 - CH2 - CH - CH2 - NH - 

I 

OH, 

0 

II 

- S -, - C - 0, and - 0 - . 

645. The oligo- or polynucleotide of claim 637, wherein said chemical linkage of 
Sig includes a glycosidic linkage moiety. 

646. The oligo- or polynucleotide of claim 637, wherein said x and y each 
comprise a member selected from the group consisting of a monophosphate, a 
diphosphate and a triphosphate and Sig moiety is covalently attached to either or 
both of said x and y through a phosphorus atom or a phosphate oxygen. 
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647. The oligo- or polynucleotide of claim 637, wherein Sig comprises a 
component selected from the group consisting of biotin, iminobiotin, an electron 
dense component, a magnetic component, a metal-containing component a 
fluorescent component, a chemi.uminescent component, a chromogenic component 
or a combination of any of the foregoing. 

648. The oligo- or polynucleotide of claim 647, wherein said electron dense 
component comprises ferritin. 



649. The oligo- or polynucleotide of claim 647. wherein said magnetic component 
comprises magnetic oxide. 

650. The oligo- or polynucleotide of claim 649, wherein said magnetic oxide 
comprises ferric oxide. 

c 

651. The oligo- or polynucleotide of claim 647, wherein said metal-containing 
component is catalytic. 

652. The oligo- or polynucleotide of claim 647, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 
rhodamine and dansyL 

653. The oligo- or polynucleotide of claim 637, wherein said Sig moiety is 
attached to a terminal nucleotide in said oligo- or polynucleotide. 
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654. The oligo- or polynucleotide of c.aim 653, wherein z of said terminal 
nucleotide comprises a hydrogen atom at the 2' position thereof. 

655. The oligo- or polynucleotide of claim 653, wherein both y and z of said 
terminal nucleotide comprise an oxygen atom at each of the 3' and 2' 
positions thereof, respectively. 



656. The oligo- or polynucleotide of claim 637, comprising at least 
deoxyribonucleotide. 



one 



657. The oligo- or polynucleotide of claim 637, having the 



ng the structural formula: 



0 

II 

HO— P— 
I- 

OH 



BASE 



---0-CH,^0 




H 



k: 



h 

z o 



OH 



BASE 



-O-CH o. 



H 




m 



H 

2 0 



"'j'H-O-CH 
OH 

H 




BASE 



H 

z 0 



-P-- 

I 

OH 



OH 



wherein m and n represent integers from 0 up to about 100,000, and wherein said 

S ' 9 m0ietV iS a,t3Ched t0 at ^ ™ "1 the phosphate moieties in said structural 
formula. 
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658. An oligo- or polyribonucleotide which is complementary to a nucleic 
acd of .merest or a portion thereof, said oligo- or polydeoxyribonucleotide 
comprising at least one modified nucleotide having the formula 

Sig-PM-SM-BASE 

wherein PM is a phosphate moiety, SM is a sugar moiety and BASE is a base 
moiety selected from the group consisting of a pyrimidine, a purine and a 
deazapurine, or analog thereof, said PM being attached to SM, said BASE being 
attached to SM, and Sig being covalently attached to PM directly or through a 
chemical linkage, said Sig comprising a non-radioactiye label moiety which can be 
d.rectly or indirectly detected when attached to PM or when said modified 
nucleotide is incorporated into said oligo- or polydeoxyribonucleotide or when said 
<*00- or polydeoxyribonucleotide is hybridized to said complementary nucleic acid 
of mteres, cr a portion thereof, and wherein Sig comprises biotin, iminobiotin, an 
electron dense component, a magnetic component, a metal-comaining component 
a fluorescent component, a chemiiuminescent component, a chromogenic 
component or a combination of any of the foregoing. 

659. The oligo- or polydeoxyribonucleotide of claim 658, wherein said Sig is or 
renders the nucleotide or the oligo- or polydeoxyribonucleotide self-signaling or self- 
indicating or self-detecting. 

660. The oligo- or polydeoxyribonucleotide of claim 658, wherein said Sig moiety 
comprises at least three carbon atoms. 
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661. The oligo- or polydeoxyribonuoleotide of claim 658, wherein said covalent 
attachment is selected from the group consisting of 



and 



OH 
I 

- P - 0 - 

II 
0 

OH 

I : 

- P - 

II 

0 . 



662. The oligo- or polydeoxyribonuoleotide of claim 658, wherein said chemical 
linkage does not interfere substantially with the characteristic ability of Sig to form 
a detectable signal. 

663. The oligo- or polydeoxyribonuoleotide of claim 658, wherein said chemical 
linkage comprises a member selected from the group consisting of an oiefinic bond 
at the a-position relative to the point of attachment to the nucleotide, a 
-CH2NH- moiety, or both. 

664. The oligo- or polydeoxyribonuoleotide of claim 658, wherein said chemical 
linkage comprises an allylamine group. 
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665. The oligo- or polydeoxyribonucleotide of claim 658, wherein said chemical 
linkage comprises or includes an olefinic bond at the a-position relative to the point 
of attachment to the nucleotide, or any of the moieties: 

-CH = CH 2 -NH- 
-CH = CH-CH2-NH- 

- CH = CH - CH2 - 0 - CH2 - CH - CH2 - NH - 

I 

OH, 

0 
II 

- s - C - 0, and - 0 - . 

666. The oligo- or polydeoxyribonucleotide of claim 658, wherein said chemical 
linkage of Sig includes a glycosidic linkage moiety. 

667. The oligo- or polydeoxyribonucleotide of claim 658, wherein said PM is 
monophosphate, a diphosphate or a triphosphate and said Sig moiety is cova.ently 
attached to said PM through a phosphorus atom or phosphate oxygen. 

668. The oligo- or polydeoxyribonucleotide of claim 658, wherein said electron 
dense component comprises ferritin. 

669. The oligo- or polydeoxyribonucleotide of claim 658, wherein said magnetic 
component comprises magnetic oxide. 

670. The oligo- or polydeoxyribonucleotide of claim 658, wherein said magnetic 
oxide comprises ferric oxide. 
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671. The oligo- or polydeoxyribonucleotide of claim 658, wherein said metal- 

containing component is catalytic. 

672. The oligo- or polydeoxyribonucleotide of claim 658, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 

rhodamine and dansyl. 

673. The oligo- or polydeoxyribonucleotide of claim 658, wherein said Sig moiety 
» attached to a terminal nucleotide in said oligo- or polydeoxyribonucleotide. 

674. The oligo- or polydeoxyribonucleotide of claim 673. wherein the sugar moiety 
of said terminal nucleotide has a hydrogen atom at the 2' position thereof. 

675. The oligo- or polydeoxyribonucleotide of claim 673, wherein the sugar moiety 
of sa,d terminal nucleotide has oxygen atoms at each of the 2' and 3' positions 

thereof. 



676. The oligo- or polydeoxyribonucleotide of claim 658, comprising at leas, one 
ribonucleotide. 
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677. An oligo- or polydeoxyribonucleotide which is complementary to a nucleic 
acid of interest or a portion thereof, said oligo- or polydeoxyribonucleotide 
comprising at least one modified nucleotide having the structural formula: 



BASE 




wherein BASE is a moiety selected from the group consisting of a 
pyrimidine, a purine and a deazapurine, or analog thereof, and wherein BASE is 
attached to the V position of the pentose ring from the N1 position when BASE is 
a pyrimidine or from the N9 position when BASE is a purine or a deazapurine; 

wherein x is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein y is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein z is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; and 

wherein Sig is covalently attached directly or through a chemical linkage to 
at least one phosphate selected from the group consisting of x, y, z, and a 
combination thereof, said Sig comprising a non-radioactive label moiety which can 
be directly or indirectly detected when so. attached to said phosphate or when said 
modified nucleotide is incorporated into said oligo- or polydeoxyribonucleotide or 
when said oligo- or polydeoxyribonucleotide is hybridized to said complementary 
nucleic acid of interest or a portion thereof, wherein Sig comprises biotin, 
iminobiotin, an electron dense component, a magnetic component, a metal- 



Enz-5(D6)(C2) 



Engelhardt et al., U.S. Pat. Appl. Ser. No. 08/479 997 
New Claims 576-825 For Submission In Amendment 

(In Response To November 26. 2001 Office Action) 
Page 24 



containing component, a fiuorescen, component, a chemiluminescent component a 
chromogenic component or a combination of any of the foregoing. 

678. The oligo- or polydeoxyribonucleotide of claim 677, wherein said Sig is or 
renders the nucieotide or the oligo- or poiydeoxyribonucleotde self-signaling or self- 
indicating or self-detecting. 

679. The oligo- or polydeoxyribonucleotide of c.aim 677, wherein said Sig moiety 
comprises at least three carbon atoms. 

680. The oligo- or polydeoxyribonucleotide of claim 677, wherein said covalent 
attachment is selected from the group consisting of 



OH 
I 

- P - 0 - 

II 
0 

OH 

■ I 

- P - 
II 

0 . 



and 



681. The oligo- or polydeoxyribonucleotide of claim 677, wherein said chemical 
linkage does not interfere substantially with the characteristic ability of Sig to form 
a detectable signal. 
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682. The oligo- or polydeoxyribonucleotide of claim 677, wherein said chemical 
l.nkage comprises a. member selected from the group consisting of an olefinio bond 
at the a-position relative to the point of attachment to the nucleotide, a -CH.NIH- 

moiety, or both. 

683. The oligo- or polydeoxyribonucleotide of claim 677, wherein said chemical 
linkage comprises an allylamine group. 

684. The oligo- or polydeoxyribonucleotide of claim 677, wherein said chemical 
linkage comprises or includes an olefinic bond at the a- P osition relative to the point 
of attachment to x, y or z, or any of the moieties: 

- CH = CH 2 - NH - 

- CH = CH - CH 2 - NH - 

- CH = CH - CH 2 - 0 - CH 2 - CH - CH 2 - NH - 

I ' 
OH, 

0 

■ II 

~ S -, - C - 0, and - 0 - . 

685. The oligo- or polydeoxyribonucleotide of claim 677, wherein said chemical 
linkage of Sig includes a glycosidic linkage moiety. - 

686. The oligo- or polydeoxyribonucleotide of claim 677, wherein said x and y 
each comprise a member selected from the group consisting of a monophosphate, 
a diphosphate and a triphosphate and said Sig moiety is covalently attached to 
either or both of said x and y through a phosphorus atom or phosphate oyxgen. 
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687. The oligo- or polydeoxyribonucleotide of claim 677, wherein said electron 
dense component comprises ferritin. 



688. The oligo- or polydeoxyribonucleotide of claim 677, wherein said magnetic 
component comprises magnetic oxide. 



689. The oligo- or polydeoxyribonucleotide of claim 688, wherein said magnetic 
oxide comprises ferric oxide. 



690. The oligo- or polydeoxyribonucleotide of claim 677, wherein said metal- 
containing component is catalytic. 

69! . The oligo- or polydeoxyribonucleotide of claim 677, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 

rhodamine and dansyl. 

692. The oligo- or polydeoxyribonucleotide of claim 677, wherein said Sig moiety 
.a attached to a terminal nucleotide in said oligo- or polydeoxyribonucleotide. 

693. The oligo- or polydeoxyribonucleotide of claim 692, wherein z of said 
terminal nucleotide comprises a hydrogen atom at the 2' position thereof. 

694. The oligo- or polydeoxyribonucleotide of claim 692, wherein both y 
and z of said terminal nucleotide comprise an oxygen atom at each of the 3' 
and 2' positions thereof, respectively. 
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695. The oligo- or polydeoxyribonucleotide of claim 677, comprising at least 
ribonucleotide. 



one 



696. The oligo- or polydexoyribonucleotide of claim 677, having the structural 
formula: 



0 

II 

HO — P- 



OH 



BASE 



-O-CI-L O. 



H 



H 

z 0 



OH 



BASE 



O-CH^o 

H hb 



H 



m 



H 

z 0 



P-(-0-CH 

H H> 



OH 



BASE 



H 



z O 

II 

p.... 



OH 



-OH 



wherein m and n represent integers from 0 up to about 100,000, and wherein said 
Sig moiety is attached to at least one of the phosphate moieties in said structural 
formula. 
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697. An oligo- or polynucleotide which is complementary to a nucleic acid of 
.nteres, or a portion thereof, said oligo- or polynucleotide comprising a, leas, one 
modified nucleotide having the formula 

Sig- PM -SM-BASE 
wherein PM is a phosphate moiety, SM is a sugar moiety and BASE is a moiety 
selected from the group consisting of a pyridine, a purine and a deazapurine or 
analog thereof, said PM being attached to SM, said BASE being attached to SM 
and S,g being covaiently attached to PM directly or via a chemica, linkage, said Sig 
compr,s, ng a non-radioactive label moiety which can be directly or indirectly 
detected when attached to PM or when said modified nucleotide is incorporated 
■mo said oligo- or polynucleotide, or when said oligo- or poiynucleotide is hybridized 
to sa,d complementary nudeic acid of interest or a portion thereof, provided that 
when said oligo- or polynucleotide is an oligoribonucleotide or a polynucleotide 
and when Sig is attached through a chemical linkage to a terminal PM a. the 3' 
pos,tion of a terminal ribonucleotide, said chemica. linkage is not obtained through 
a 2'.3- v,c,na, oxidation of a 3' terminal ribonuc.eotide previously attached to said 
oligonucleotide or polyribonucleotide, wherein Sig comprises biotin, iminobiotin 
an electron dense component, a magnetic component, a metal-containing 
component, a fluorescent component, a chemiluminescen, component a 
chromogenic component or a combination of any of the foregoing. 

698. The oligo- or polynucleotide of claim 697. wherein said Sig is or renders the 
nudeotide or the oligo- or polynucleotide self-signaling or self-indicating or self- 
detecting. 
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699. The oligo- or polynucleotide of claim 697, wherein said Sig moiety comprises 
at least three carbon atoms. 



700. The oligo- or polynucleotide of claim 697, wherein said covalent attachment 
is selected from the group consisting of 

OH 

I 

- P - O - 

II 
0 

OH 

I 

- P - 

. II 
0 . 



and 



701 . The oligo- or polynucleotide of claim 697, wherein said chemical linkage does 
not interfere substantially with the characteristic ability of Sig to form a detectable 
signal. 

702. The oligo- or polynucleotide of claim 697, wherein said chemical linkage 
comprises a member selected from the group consisting of an olefinic bond at the 
cc-position relative to the point of attachment to the nucleotide, a -CH2NH- moiety, 
or both. 

703. The oligo- or polynucleotide of claim 697, wherein said chemical linkage 
comprises an allylamine group. 
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704. The oligo- or po.ynucleotide of claim 697, wherein said chemical linkage 
comprises or includes an o.efinic bond at the a-position relative to the point of 
attachment to the nucleotide, or any of the moieties: 

-CH = CH 2 -NH- 

- CH = CH - CH 2 - NH - 

- CH = CH - CH 2 - 0 - CH2 - CH - CH 2 - NH - 

I 

OH, 

0 

II 

~ s -< - C - 0, and - 0 - . 

705. The oligo- or polynucleotide of o.aim 697, wherein said chemica. linkage of 
Sig includes a glycosidic linkage moiety. 

706. The oligo- or polynucleotide of claim 697, wherein said PM is a 
monophosphate, a diphosphate or a triphosphate and said Sig moiety is 
covalently attached to said PM through a phosphorus atom or a phosphate 

oxygen. 

707. The oligo- or polynucleotide of claim 697, wherein said electron dense 
component comprises ferritin. 



708. The oligo- or polynucleotide of claim 697, wherein said magnetic component 
comprises magnetic oxide. 
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709. The oligo- or polynucleotide of claim 708, wherein said magnetic oxide 

comprises ferric oxide. 



710. The oligo- or polynucleotide of claim 697, wherein said metal-containing 

component is catalytic. 

■ 71 1 . The oligo- or polynucleotide of claim 697, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 

rhodamine and dansyl. 

712. The oligo- or polynucleotide of claim 697, wherein said Sig moiety is 
attached to a terminal nucleotide in said oligo- or polynucleotide 



ie. 



713. The oligo- or polynucleotide of claim 712, wherein the'sugar moiety of said 
terminal nucleotide has a hydrogen atom at the T position thereof. 

714. The oligo- or polynucleotide of claim 712, wherein the sugar moiety of said 
terminal nucleotide has an oxygen atom at each of the 2' and 3' positions thereof. 

71 5. The oligo- or polynucleotide of claim 697, comprising at least one 
deoxyribonucleotide. 



Enz-5(D6)(C2) 



Engelhardt et al., U.S. Pat. Appl. Ser. No. 08/479 997 
New Claims 576-825 For Submission In Amendment 

(In Response To November 26, 2001 Office Action) 
Page 32 



71 6. An oligo- or polynucleotide which is complementary to a nucleic acid of 
interest or a portion thereof, said oligo- or polynucleotide comprising at least 
modified nucleotide having the structural formula: 



one 




BASE 



wherein BASE is a moiety selected from the group consisting of a 
pyridine, a purine and a deazapurine/ or analog thereof, and wherein BASE is 
attached to the V position of the pentose ring from the N1 position when BASE is 
a pyrimidine or from the N9 position when BASE is a purine or a deazapurine; 

wherein x is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein y is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein z is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; and 

wherein Sig is cova.ently attached directly or through a chemical linkage to at least 
one phosphate selected from the group consisting of x, y and z, and a combination 
thereof, said Sig comprising a non-radioactive label moiety which can be directly or 
indirectly detected when so attached to said phosphate or when said modified 
nucleotide is incorporated into said oligo- or polynucleotide, or when said oligo- or 
polynucleotide is hybridized to said complementary nucleic acid of interest or a 
portion thereof, provided that when said oligo- or polynucleotide is an 
oligoribonucleotide or a polyribonucleotide and when Sig is attached through a 
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chemical linkage to a terminal PM at the 3' position of a terminal ribonucleotide, 
said chemical linkage is not obtained through a 2',3' vicinal oxidation of a 3' 
terminal ribonucleotide previously attached to said oligoribonucleotide or 
polyribonucleotide, wherein Sig comprises biotin, iminobiotin, an electron dense 
component, a magnetic component, a metal-containing component, a fluorescent 
component, a chemiluminescent component, a chromogenic component or a 
combination of any of the foregoing. 

717. The oligo- or polynucleotide of claim 716, wherein said Sig is or renders the 
nucleotide or the oligo- or polynucleotide self-signaling or self-indicating or self- 
detecting. 



718. The oligo- or polynucleotide of claim 716, wherein said Sig moiety comprises 
at least three carbon atoms. 



719. The oligo- or polynucleotide of claim 716, wherein said covalent attachment 
is selected from the group consisting of 

OH 

I 

- P - 0 - 

II 
0 

and 

OH 

I 

- P - 

II 

0 . 
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720. The oligo- or polynucleotide of claim 716, wherein said chemical linkage does 
not interfere substantially with the characteristic ability of Sig to form a detectable 
signal. 

721 . The oligo- or polynucleotide of claim 716, wherein said chemical linkage 
comprises a member selected from the group consisting of an olefinic bond at the 
a-position relative to the point of attachment to the nucleotide, a -CH2NH- moiety, 
or both. 

722. The oligo- or polynucleotide of claim 716, wherein said chemical linkage 
comprises an allylamine group. 

723. The oligo- or polynucleotide of claim 716, wherein said chemical linkage 
comprises or includes an olefinic bond at the a-position relative to x, y or z, or any 
of the moieties: 

-CH = CH 2 -NH- 

- CH = CH - CH2- NH - 

- CH = CH - CH 2 - 0 - CH 2 - CH - CH 2 - NH - 

I 

OH, 

0 

II 

- S -, - C - 0, and - 0 - . 

724. The oligo- or polynucleotide of claim 716, wherein said chemical linkage of 
Sig includes a glycosidic linkage moiety. 
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725. The oligo- or polynucleotide of claim 716, wherein said x and y each 
comprise a member selected from the group consisting of a monophosphate, a 
diphosphate and a triphosphate and Sig moiety is covalently attached to either or 
both of said x and y through a phosphorus atom or a phosphate oxygen. 

726. The oligo- or polynucleotide of claim 716, wherein said electron dense 
component comprises ferritin. 

727. The oligo- or polynucleotide^ claim 716, wherein said magnetic component 
comprises magnetic oxide. 

728. The oligo- or polynucleotide of claim 727, wherein said magnetic oxide 
comprises ferric oxide. 

729. The oligo- or polynucleotide of claim 716, wherein said metal-containing 
component is catalytic. 

730. The oligo- or polynucleotide of claim 716, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 
rhodamine and dansyl. 



731 . The oligo- or polynucleotide of claim 716, wherein said Sig moiety 
attached to a terminal nucleotide in said oligo- or polynucleotide. 



is 



732. The oligo- or polynucleotide of claim 731, wherein z of said terminal 
nucleotide comprises a hydrogen atom at the 2' position thereof. 
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733. The oligo- or polynucleotide of claim 731, wherein both y and z of said 
terminal nucleotide comprise an oxygen atom at each of the 3' and 2' 
positions thereof, respectively. 



734. The oligo- or polynucleotide of claim 716, comprising at least 
deoxyribonucleotide. 



one 



735. The oligo- or polynucleotide of claim 716, having the structural formula: 



0 

II 

HO— P- 



, BASE 



OH 



---0-CH,^0 



P 

h r H 



o- 



2 O 

II 

-p- 



OH 



BASE 



H £ 



H 



m 



H 

z 0 



-P- 
I 

OH 



BASE 



O-CH^o 
,H 

H 




H 

z 0 



0- 



-p.... 

I 

OH 



■OH 



wherein m and n represent integers from 0 up to about 100,000, and wherein said 
Sig moiety is attached to at least one of the phosphate moieties in said structural 
formula. 
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736. An oligo- or polydeoxyribonucleotide which is complementary to a nucleic 
acid of interest or a portion thereof, said oligo- or polydeoxyribonucleotide 
comprising at least one modified nucleotide having the formula 

Sig-PM-SM-BASE 

wherein PM is a phosphate moiety, SM is a sugar moiety and BASE is a base 
moiety selected from the group consisting of a pyrimidine, a purine and a 
deazapurine, or analog thereof, said PM being attached to SM, said BASE being 
attached to SM, and Sig being covalently attached to PM through a chemical 
linkage comprising a polypeptide or a protein, and said Sig comprising a non- 
radioactive label moiety which can be directly detected when indirectly attached to 
PM through said polypeptide or protein chemical linkage or when said modified 
nucleotide is incorporated into said oligo- or polydeoxyribonucleotide or when said 
oligo- or polydeoxyribonucleotide is hybridized to said complementary nucleic acid 
of interest or a portion thereof. 

737. The oligo- or polydeoxyribonucleotide of claim 736, wherein said Sig is or 
renders the nucleotide or the oligo- or polydeoxyribonucleotide self-signaling or self- 
indicating or self-detecting. 

738. The oligo- or polydeoxyribonucleotide of claim 736, wherein said Sig moiety 
comprises at least three carbon atoms. 
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739. The oligo- or polydeoxyribonucieotide of claim 736, wherein said covalent 
attachment is selected from the group consisting of 



OH 

I 

- P - 0 - 

II 
0 

OH 
I 

- P - 

II 

0 . 



and 



740. The oligo- or polydeoxyribonucieotide of claim 736, wherein said polypeptide 
or protein chemical linkage does not interfere substantially with the characteristic 
ability of Sig to form a detectable signal. 

741. The oligo- or polydeoxyribonucieotide of claim 736, wherein said PM is 
monophosphate, a diphosphate or a triphosphate and said Sig moiety is covalently 
attached via said polypeptide or protein chemical linkage to said PM through a 
phosphorus atom or phosphate oyxgen. 

742. The oligo- or polydeoxyribonucieotide of claim 736, wherein Sig comprises a 
component selected from the group consisting of biotin, iminobiotin, an electron 
dense component, a magnetic component, a metal-containing component, a 
fluorescent component, a chemiluminescent component, a chromogenic component 
or a combination of any of the foregoing. 
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743. The oligo- or polydeoxyribonucleotide of claim 742, wherein said electron 
dense component comprises ferritin. 

744. The oligo- or polydeoxyribonucleotide of claim 742, wherein said magnetic 
component comprises magnetic oxide. 

745. The oligo- or polydeoxyribonucleotide of claim 744, wherein said magnetic 
oxide comprises ferric oxide. 

746. The oligo- or polydeoxyribonucleotide of claim 742, wherein said metal- 
containing component is catalytic. 

747. The oligo- or polydeoxyribonucleotide of claim 742, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 
rhodamine and dansyl. 

748. The oligo- or polydeoxyribonucleotide of claim 736, wherein said oligo- or 
polydeoxyribonucleotide is terminally ligated or attached to said polypeptide or 
protein chemical linkage. 

749. The oligo- or polydeoxyribonucleotide of claim 736, wherein said polypeptide 
comprises polylysine. 

750. The oligo- or polydeoxyribonucleotide of claim 736, wherein said polypeptide 
is selected from the group consisting of avidin, streptavidin and anti-hapten 
immunoglobulin. 
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751. The oligo- or polydeoxyribonucleotide of claim 736, wherein said Sig moiety 
is attached via said polypeptide or protein chemical linkage to a phosphate moiety 
in a terminal nucleotide in said oligo- or polydeoxyribonucleotide. 

752. The oligo- or polydeoxyribonucleotide of claim 751, wherein the sugar moiety 
of said terminal nucleotide has a hydrogen atom at the T position thereof. 

753. The oligo- or polydeoxyribonucleotide of claim 751, wherein the sugar moiety 
of said terminal nucleotide has oxygen atoms at each of the 2\ and 3' positions 
thereof. 



754. The oligo- or polydeoxyribonucleotide of claim 736, comprising at least one 
ribonucleotide. 
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755. An oligo- or polydeoxyribonucleotide which is complementary to a nucleic 
acid of interest or a portion thereof, said oligo- or polydeoxyribonucleotide 
comprising at least one modified nucleotide having the structural formula: 




BASE 



H , ' H 

y z 

wherein BASE is a moiety selected from the group consisting of a 
pyrimidine, a purine and a deazapurine, or analog thereof, and wherein BASE is 
attached to the 1' position of the pentose ring from the N1 position when BASE is 
a pyrimidine or from the N9 position when BASE is a purine or a deazapurine; 

wherein x is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein y is selected from the group consisting of H— , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein z is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; and 

wherein Sig is covalently attached through a chemical linkage to at least one 
phosphate selected from the group consisting of x, y, z, and a combination thereof, 
said chemical linkage comprising a polypeptide or a protein, and said Sig comprising 
a non-radioactive label moiety which can be directly or indirectly detected when 
attached to said phosphate via said polypeptide or protein chemical linkage or when 
said modified nucleotide is incorporated into said oligo- or polydeoxynucleotide or 
when said oligo- or polydeoxynucleotide is hybridized to said complementary 
nucleic acid of interest or a portion thereof. 



Enz-5(D6)(C2) 



Engelhardt et al., U.S. Pat. Appl. Ser. No. 08/479,997 
New Claims 576-825 For Submission In Amendment 

(In Response To November 26, 2001 Office Action) 
Page 42 



756. The oligo- or polydeoxyribonucleotide of claim 755, wherein said Sig is or 
renders the modified nucleotide or the oligo- or polydeoxyribonucleotde self- 
signaling or self-indicating or self-detecting. 

757. The oligo- or polydeoxyribonucleotide of claim 755, wherein said Sig moiety 
comprises at least three carbon atoms. 

758. The oligo- or polydeoxyribonucleotide of claim 755, wherein said covalent 
attachment is selected from the group consisting of 

OH 

I 

- P - 0 - 

II 
0 

and 

OH ' 
I 

- P - 

II 

0 . 

759. The oligo- or polydeoxyribonucleotide of claim 755, wherein said polypeptide 
or protein chemical linkage does not interfere substantially with the characteristic 
ability of Sig to form a detectable signal. 
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760. The oligo- or polydeoxyribonucleotide of claim 755, wherein said x and y 
each comprise a member selected from the group consisting of a monophosphate, 
a diphosphate and a triphosphate and said Sig moiety is covalently attached via 
said polypeptide or protein chemical linkage to either or both of said x and y a 
phosphorus atom or phosphate oyxgen. 

761 . The oligo- or polydeoxyribonucleotide of claim 755, wherein Sig comprises a 
component selected from the group consisting of biotin, iminobiotin, an electron 
dense component, a magnetic component, a metal-containing component, a 
fluorescent component, a chemiluminescent component, a chromogenic 
component, or a combination of any of the foregoing. 

762. The oligo- or polydeoxyribonucleotide of claim 761, wherein said electron 
dense component comprises ferritin. 

763. The oligo- or polydeoxyribonucleotide of claim 761, wherein said magnetic 
component comprises magnetic oxide. 

764. The oligo- or polydeoxyribonucleotide of claim 763, wherein said magnetic 
oxide comprises ferric oxide. 

765. The oligo- or polydeoxyribonucleotide of claim 761 , wherein said metal- 
containing component is catalytic. 
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766. The oligo- or polydeoxyribonucleotide of claim 761, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 
rhodamine and dansyl. 

767. The oligo- or polydeoxyribonucleotide of claim 755, wherein said oligo- or 
polydeoxyribonucleotide is terminally ligated or attached to said polypeptide or 
protein chemical linkage., 

768. The composition of claim 755, wherein said polypeptide comprises 
polylysine. 

769. The composition of claim 755, wherein said polypeptide is selected from the 
group consisting of avidin, streptavidin and anti-hapten immunoglobulin. 

770. The oligo- or polydeoxyribonucleotide of claim 755, wherein said Sig moiety 
is attached via said polypeptide or protein chemical linkage to a terminal nucleotide 
in said oligo- or polydeoxyribonucleotide. 

771 . The oligo- or polydeoxyribonucleotide of claim 770, wherein z of said 
terminal nucleotide comprises a hydrogen atom at the 2' position thereof. 

772. The oligo- or polydeoxyribonucleotide of claim 770, wherein both y 
and z of said terminal nucleotide comprise an oxygen atom at each of the 3' 
and 2' positions thereof, respectively. 

773. The oligo- or polydeoxyribonucleotide of claim 755, comprising at least one 
ribonucleotide. 



Enz-5(D6)(C2) 



Engelhardt et al., U.S. Pat. Appl. Ser. No. 08/479,997 
New Claims 576-825 For Submission In Amendment 

(In Response To November 26, 2001 Office Action) 
Page 45 



774. The oligo- or polydeoxyribonucleotide of claim 755, having the structural, 
formula: 



0 

II 

HO— P— 

I 

OH 



BASE 



-O-CH 0, 



H 



OH 



BASE 



O-CH. o 



H 



H H 



m 



z O 

II 

P- 



OH 



O-CH^Q 
H 



H 



BASE 




H 

z O 

II 

_ p . 



OH 



-OH 



wherein m and n represent integers from 0 up to about 100,000, and wherein said 
Sig moiety is attached to at least one of the phosphate moieties in said structural 
formula. 
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775. An oligo- or polynucleotide which is complementary to a nucleic acid of 
interest or a portion thereof, said oligo- or polynucleotide comprising at least one 
modified nucleotide having the formula 

Sig - PM - SM - BASE 

wherein PM is a phosphate moiety, SM is a sugar moiety and BASE is a moiety 
selected from the group consisting of a pyrimidine, a purine and a deazapurine, or 
analog thereof, said PM being attached to SM, said BASE being attached to SM, 
and Sig being covalently attached to PM via a chemical linkage comprising a 
polypeptide or a protein, said Sig comprising a non-radioactive label moiety which 
can be directly or indirectly detected when attached to PM via said polypeptide or 
protein chemical linkage or when said modified nucleotide is incorporated into said 
oligo- or polynucleotide, or when said oligo- or polynucleotide is hybridized to said 
complementary nucleic acid of interest or a portion thereof, provided that when 
said oligo- or polynucleotide is an oligoribonucleotide or a polyribonucleotide, and 
when Sig is attached through a chemical linkage to a terminal PM at the 3' position 
of a terminal ribonucleotide, said chemical linkage is not obtained through a 2\3' 
vicinal oxidation of a 3' terminal ribonucleotide previously attached to said 
oligoribonucleotide or polyribonucleotide. 

776. The oligo- or polynucleotide of claim 775, wherein said Sig is or renders the 
nucleotide or the oligo- or polynucleotide self-signaling or self-indicating or self- 
detecting. 

777. The oligo- or polynucleotide of claim 775, wherein said Sig moiety comprises 
at least three carbon atoms. 
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778. The oligo- or polynucleotide of claim 775, wherein said covalent attachment 
is selected from the group consisting of 

OH 
I 

- P - 0 - 

II 
0 

and 

OH 

I 

- P - 
II 

0 . 

779. The oligo- or polynucleotide of claim 775, wherein said polypeptide or protein 
chemical linkage does not interfere substantially with the characteristic ability of 
Sig to form a detectable signal. 



is a 



780. The oligo- or polynucleotide of claim 775, wherein said PM 
monophosphate, a diphosphate or a triphosphate and said Sig moiety is 
covalently attached via said polypeptide or protein chemical linkage to said 
PM through a phosphorus atom or a phosphate oxygen. 

781. The oligo- or polynucleotide of claim 775, wherein Sig comprises a 
component selected from the group consisting of biotin, iminobiotin, an electron 
dense component, a magnetic component, a metal-containing component, a 
fluorescent component, a chemiluminescent component, a chromogenic component 
or a combination of any of the foregoing. 

782. The oligo- or polynucleotide of claim 781, wherein said electron dense 
component comprises ferritin. 
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783. The oligo- or polynucleotide of claim 781, wherein said magnetic component 
comprises magnetic oxide. 

784. The oligo- or polynucleotide of claim 783, wherein said magnetic oxide 
comprises ferric oxide. 

785. The oligo- or polynucleotide of claim 781, wherein said metal-containing 
component is catalytic. 

786. The oligo- or polynucleotide of claim 781, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 
rhodamine and dansyl. 

787. The oligo- or polynucleotide of claim 775, wherein said oligo- or 
polynucleotide is terminally ligated or attached to said polypeptide or protein 
chemical linkage. 

788. The oligo- or polynucleotide of claim 775, wherein said polypeptide 
comprises polylysine. 



789. The oligo- or polynucleotide of claim 775, wherein said polypeptid 
selected from the group consisting of avidin, streptavidin and anti-hapt 
immunoglobulin. 



e is 
en 
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790. The oligo- or polynucleotide of claim 775, wherein said Sig moiety is 
attached via said polypeptide or protein chemical linkage to a terminal nucleotide in 
said oligo- or polynucleotide. 

791 . The oligo- or polynucleotide of claim 790, wherein the sugar moiety of said 
terminal nucleotide has a hydrogen atom at the 2' position thereof. 

792. The oligo- or polynucleotide of claim 790, wherein the sugar moiety of said 
terminal nucleotide has an oxygen atom at each of the 2' and 3' positions thereof. 

793. The oligo- or polynucleotide of claim 775, comprising at least one 
deoxyribonucleotide. 
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794. An oligo- or polynucleotide which is complementary to a nucleic acid of 
interest or a portion thereof, said oligo- or polynucleotide comprising at least one 
modified nucleotide having the structural formula: 

"CH 2 ^-0^ BASE 




wherein BASE is a moiety selected from the group consisting of a 
pyrimidine, a purine and a deazapurine, or analog thereof, and wherein BASE is 
attached to the 1 ' position of the pentose ring from the N1 position when BASE is 
a pyrimidine or from the N9 position when BASE is a purine or a deazapurine; 

wherein x is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein y is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; 

wherein z is selected from the group consisting of H- , HO- , a mono- 
phosphate, a di-phosphate and a tri-phosphate; and 

wherein Sig is covalently attached through a chemical linkage to at least one 
phosphate selected from the group consisting of x, y and z, and a combination 
thereof, said chemical linkage comprising a polypeptide or a protein, and said Sig 
comprising a non-radioactive label moiety which can be directly detected when 
attached to said phosphate via said polypeptide or protein chemical linkage or when 
said modified nucleotide is incorporated into said oligo- or polynucleotide, or when 
said oligo- or polynucleotide is hybridized to said complementary nucleic acid of 
interest or a portion thereof, provided that when said oligo- or polynucleotide is an 
oligoribonucleotide or a polyribonucleotide and when Sig is attached through a 



Enz-5(D6)(C2) 



Engelhardt et al., U.S. Pat. Appl. Ser. No. 08/479 997 
New Claims 576-825 For Submission In Amendment 

(In Response To November 26, 2001 Office Action) 
Page 51 



chemical linkage to a terminal PM at the 3' position of a terminal ribonucleotide, 
said chemical linkage is not obtained through a 2',3' vicinal oxidation of a 3' 
terminal ribonucleotide previously attached to said oligoribonucleotide or 
polyribonucleotide. 

795. The oligo- or polynucleotide of claim 794, wherein said Sig is or renders the 
nucleotide or the oligo- or polynucleotide self-signaling or self-indicating or self- 

detecting. 

796. The oligo- or polynucleotide of claim 794, wherein said Sig moiety comprises 
at least three carbon atoms. 

797. The oligo- or polynucleotide of claim 794, wherein said covalent attachment 
is selected from the group consisting of 

OH 

I 

- P - 0 - 

II 
0 

and 

OH 

I 

- P - 

II 

0 . 

798. The oligo- or polynucleotide of claim 794, wherein said polypeptide or protein 
chemical linkage does not interfere substantially with the characteristic ability of 
Sig to form a detectable signal. 
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799. The oligo- or polynucleotide of claim 794, wherein said x and y each 
comprise a member selected from the group consisting of a monophosphate, a 
diphosphate and a triphosphate and Sig moiety is covalently attached to either or 
both of said x and y a phosphorus atom or a phosphate oxygen. 

800. The oligo- or polynucleotide of claim 794, wherein Sig comprises a 
component selected from the group consisting of biotin, iminobiotin, an electron 
dense component, a magnetic component, a metal-containing component, a 
fluorescent component, a chemiluminescent component, a chromogenic component 
or a combination of any of the foregoing. 

801. The oligo- or polynucleotide of claim 800, wherein said electron dense 
component comprises ferritin. 



802. The oligo- or polynucleotide of claim 800, wherein said magnetic component 
comprises magnetic oxide. 

803. The oligo- or polynucleotide of claim 802, wherein said magnetic oxide 
comprises ferric oxide. 

804. The oligo- or polynucleotide of claim 800, wherein said metal-containing 
component is catalytic. 

805. The oligo- or polynucleotide of claim 800, wherein said fluorescent 
component comprises a member selected from the group consisting of fluorescein, 
rhodamine and dansyl. 
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806. The oligo- or polynucleotide of claim 794, wherein said oligo 
polynucleotide is terminally ligated or attached to said polypeptide or prote 
chemical linkage. 



or 

in 



807. The oligo- or polynucleotide of claim 794, wherein said polypeptide 
comprises polylysine. 

808. The oligo- or polynucleotide of claim 794, wherein said polypeptide is 
selected from the group consisting of avidin, streptavidin and anti-hapten 
immunoglobulin. 

809. The oligo- or polynucleotide of claim 794, wherein said Sig moiety is 
attached via said polypeptide or protein chemical linkage to a terminal nucleotide in 
said oligo- or polynucleotide. 

810. The oligo- or polynucleotide of claim 809, wherein z of said terminal 
nucleotide comprises a hydrogen atom at the 2' position thereof. 

811. The oligo- or polynucleotide of claim 809, wherein both y and z of said 
terminal nucleotide comprise an oxygen atom at each of the 3' and 2* 
positions thereof, respectively.' 

812. The oligo- or polynucleotide of claim 794, comprising at least one 
deoxyribonucleotide. 
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813. The oligo- or polynucleotide of claim 794, having the structural formula: 




BASE 



-OH 



wherein m and n represent integers from 0 up to about 100,000, and wherein said 
Sig moiety is attached to at least one of the phosphate moieties in said structural 
formula. 

814. The oligo- or polydeoxyribonucleotide of claims 454 or 658, wherein said Sig 
is covalently attached to PM through a chemical linkage comprising a polypeptide 
or a protein. 



815. The oligo- or polydeoxyribonucleotide of claim 814, wherein said polypeptide 
comprises polylysine. 
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816. The oligo- or polydeoxyribonucleotide of claim 814, wherein said polypeptide 
or protein is selected from the group consisting of avidin, streptavidin and anti- 
hapten immunoglobulin. 

817. The oligo- or polydeoxyribonucleotide of claims 596 or 677, wherein said Sig 
is covalently attached to said at least one phosphate through a chemical linkage 
comprising a polypeptide or a protein. 

818. The oligo- or polydeoxyribonucleotide of claim 817, wherein said polypeptide 
comprises polylysine. 

819. The oligo- or polydeoxyribonucleotide of claim 817, wherein said polypeptide 
or protein is selected from the group consisting of avidin, streptavidin and anti- 
hapten immunoglobulin. 

820. The oligo- or polynucleotide of claims 617 or 697, wherein said Sig is 
covalently attached to PM via a chemical linkage comprising a polypeptide or a 
protein. " 

821 . The oligo- or polydeoxyribonucleotide of claim 820, wherein said polypeptide 
comprises polylysine. 

822. The oligo- or polydeoxyribonucleotide of claim 820, wherein said polypeptide 
or protein is selected from the group consisting of avidin, streptavidin and anti- 
hapten immunoglobulin. 
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823. The oligo- or polynucleotide of claims 637 or 716, wherein said Sig is 
covalently attached to said at least one phosphate through a chemical linkage 
comprising a polypeptide or a protein. 

824. The oligo- or pdlydeoxyribonucleotide of claim 823, wherein said polypeptide 

comprises poiylysine. 

825. The oligo- or polydeoxyribonucleotide of claim 824, wherein said polypeptide 
or protein is selected from the group consisting of avidin, streptavidin and anti- 
hapten immunoglobulin. 



******* 
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(b) Coenzyme A (Peak B, Fig. 3).— The ratio of phos- 
phorus to adenosine was found to be 2.96 and the compound 
was chromatographically and electrophoretically identical 
with natural Coenzyme A. Degradation with crude rattle- 
snake venom gave adenosine-3\5 '-diphosphate as the only 



and a second small maximum at 283 m u (e 239/< 283 :» 5.5 at 
pK 2.7) and was obviously not a nucleotide. Peak II con- 
tained at- Idast two superimposed compounds one having 
X^* 243 -m M , and the other X m « 255 mp. Peak III (273 
optical density units at 257 m/i, 18 /imole) was reduced 



cnake venom eave aaenosine-d f o -aipuobpuuLc a.* uic umjr ^^^j — , r . . 

Sable nu&tidrf Enzy^icaUy ^ed as ^^ SSStt 



tion but, from its position, IV is probably oxidized Coenzyme 
A. ■ ■ 

\Peak III was adjusted to pK 4.0 with lithium hydroxide 
and ... worked up as described for the synthetic material to 
give. 16 mg. of lithium salt which was chromatographically 
shown (Solvent I) to contain only reduced Coenzyme A and 
ailhjtle of the disulfide form. - -The material was somewhat 
:hydrated; two preparations having equivalent weights of 

Awt. w* w^i"*^-.-^- — 7 , Tin oa, : n' .960'and 1050 by ultraviolet absorption. : /■ 

H, 5.08; N, 10.98...f* Pound (after drying at 1OT ^^4Js l ^^Aksayed by the phosphotransacetylase;tmethod against 
.52; H, 4.98; N, 9.87. the same l/75%'' standard as used for the synthetic material, 

purification of Commercial Coenzyme A.— The contents'of it now sh'owed 143% activity on the basis' of its adenosine 
a freshly opened 25 mg. bottle of "75%" Coenzyme A 8 ? were content-. [ ' ! ' - ; ■ " 

dissolved in water(3 ml.). and adjusted to pH 6.0 with am- (Vv ,- Characterization of P.PTBis^- 2 '(or 39-phosphoryladeno- 
monium hydroxide. 2-Mercaptoethanol (3 ml.) was added ' 6 me-S0 B^rophosphate (XXVI).— Incubation of the sulfur- 
and the mixture stored at room temperature for 4 hr. after ''fre^product 'from 'peak IV (Fig.. 3) with crude rattle snake 
which time it was diluted with water (15 ml. )- and applied, vendra rapidly gave adenosine-2^(3') ,5 -diphosphate as the 
directly to a 2 X 22 cm. column of DEAE cellulose in the only phosphorus containing, product. On incubation with 
chloride form. After washing the column with water until nO ( purified prbstatic'phosphombnoesterase it jvas slowly (~ 
further ultraviolet-vab'sorbing material was present in-.the^75%- i n ,24 hr.) dephosphorylated to; give" initially P l -2 (3 )- 
washing eiution was' commenced using a linear salt gradient, phosphoryladenosine-5' P*- adenosine -5 r pyrophosphate 
The mixiue vessel contained 1.5 liters of 0.003 N hydrochloric (XXVI, with loss of one phosphomonoester group) and sub- 



compound gave a linear response of activity with concentra 
tion for 0.0041 and 0.0082 pmole (optical density) and gave 
an activity of 139% in each case assuming a purity of 75% 
(by weight) for commercial Coenzyme A. 'Using the puri-. : 
fied commercial product (see below) as the standard and 
assuming 100% activity on the basis of its adenosine con- 
tent, the 1 synthetic sample had 96% activity.--":: 

Anal, Calcd. for C^ l H M NiOi«P,SLir6H l O: C, . 28.41; 
d t 5.08; N, 10.98...i'Fo 
28.52; H, 4.98; N, 9.87. 



acid and the reservoir contained 1.5 liters of 0.15 N lithium 
chloride in 0.003 N hydrochloric acid. Ten ml. fractions 
were collected at the rate of 1 mi. per minute. Three dis- 
tinct peaks and two small ones were detected by ultraviolet 
absorption at 257- mji (Fig. 4). Peak I tad 239 m^ 



(83) .Pahst Laboratpncs/ Milwaukee., ^ia..; Lot 413.; 



sequent!/ di-adenosine-5'- pyrophosphate which were iso- 
lated in Solvents VI and I, respectively. The chromato- 
graphically isolated initial dephosphoryiation product was 
rapibUy 'degraded by ; crude venom/ giving equal amounts of 
adenosine^^SOrS'-diphosphate^adenosine and -inorganic 
phqsp;hate.-. f (These results are. all. consistent with tji&struc- 



[CONTklBUTION FROM THE CHEMISTRY DrVISION O^THB BRITISH CVLb*^ ^ 

Studies : on : Polynucleotides iV". tNUL^ Experimeiite nP^ v £e .^yme^tio^ : : of 
Mononucleotides. Improved ^.'Preparation := aM ^Separation -Jof ^Linear- Thymidine 
Polynucleotides^ Sfr fli&i^ 

jl-: • : 5 ' %y H;'G; Kh6 ' ^ ' .' . 

..... " ■;=.':: V;~V- -.' -Received > --^ . -'-v 

■Treatment ofiWolar anhydrous pyridine solution pE^mixtu^bf^^ phosphate thy^- 

and chfracterized r-The procedures developed: for^their purincation,;myolved, first, .chromatography on.pEAE-cel uk»se 
.S^aa^^^^^ rechrpmato^raphy of theinajor; pedks ^acidic ^H*using the anion exchanger in the cblonde 

thus obtained offers, obvious advantages ; for.' a 
variety of ; cneroical/ pnysico-cher^ and enz)rrriic 
studies in the nucleic acids field. The poiymenza- 
tions ,of thymidine-5' phosphate and the isomeric 
3'-phosphate by reaction with dicyclohexylcarbo- 
diimid'e in anhydrous pyridine have previously been 
reported. 7 - 8 While the extension of these initial 
studies to other mononucleotides and, indeed, in a 
number of directions is clearly desirable, 9 many 



Introduction 
The development of methods for the polymeriza- 
tion of mononucleotides and the separation and 
characterization of. the resulting polymers forms 
a part of the program of synthetic work in the 
polynucleotide field which is in progress in this 
Laboratory. 4 " 6 The range of simple polymers 

(1) Paper VII, H. G. Khorana. This Journal. 81, 4657 (1959). 

(2) This work has been supported by grants from the Nadoaal 
Caacer Institute of the National Institutes of Health. U. S. Public 
Health Service and the National Research Council of Canada, Ottawa. 

(3) Institute for Enzyme Research, The University of Wisconsin, 
Madison 5, Wisconsin. 

(4) C M Teuer. P. T. Cilhatn. W. E. Razzell, A. P. Turner and 
H. C. Khornna, A««. N. Y. Acad. Sci., 81, 757 £1950). 

(5) H. G. Khorana. J. Cdlnlitr Camp, Physinl., 54, Suppl. I. 5 



(8) H. G. Khorana, tn E. Charjtaff and J. N. Davidson, eds. "The 
Nucleic Acids." Vol. III. Academic Press. Inc.. New Yorlc. N. Y., in 
press; H. C. Khorana. Fideration Proc. fiO, in press (1000). 

(7) G. M. Teaer, H. G. Khorana, R. Markham and E. H. Pol. Tata 
Journal, 80, 6223 (1053). 

(S) A. F. Turner and H. C. Khorana. ibid.. 81, 4051 (1050). 
(0) H. G. Khorana, A. P. Turner and J. P. Vizsolyi, ibid.. 83. W\ 
(l»01). 



676 



<ll: <G. KlIORANA AND J. P. VlZSOLYI 



S°iif^ CH ;^ Thymine 



. . Hi- / 

HO 

ft 



* : "OCHf o^;-. r-'Thyraine". 




n 



^0T^,-u.i:::,;.:« ii: v;;. ; .;.;. ; 




i 0 
H0~4 



HO"P-OCfI 3 :.-: 



ff: " : ' ' "' ■ 0H ?50;:V'[nC>rU;^.-::- 'U, -X; 

basic "..questions ^ncem^ 
tioa 1 ? are .-being examined by further studying ; the 
relatively • simple : thymidine-5 ' phosphate - itself. 
During all this work; 1 marked impr6vemenlts : ih the 
procedures, both for flymen zation of this mono- 
nucleotide with a viewltp'tHe^ 
polynucleotides (general < structure; ; I) iand : for .the 
^P^^IP?!:- 0 '^ ^",1 ijQlymers. 'have been effected. 
Because of.the wldesprekdM thethymidme 
polynucleotides: of: known' ^ze^ andStoctiJre.V.these 



Thymine 



: ■ 't't 

0=P-OH : 

Thymine:,. * : /'^r^ OQR^ jq u y t 
■ ' ' - 1 ' ' '• ■■■■ niittu.-rtC, ' 

■■■> te« i«h> :.:y Ttf U\ 

• II ' n -°- 3 - l; i^;- :;,iii f n=o-6 






■ ' ftp 

'...ili 



•J>S^VCes^§^*^u» r ^, J ^ Wj .witji ) special. •• 
attention ; tp ' experimental 'detail. " The%nerai 
principle used for. faypring the formation of" the" 
linear . polymers [ over.; ; tie cycio.-pbgo'nucleo tides 
(general structure, ,11) has beer^\kppUed to'-'rhe ' 
preparation of thyrhiaUne'-Dol^udeotides'SeaVidg''' 
deoxycytidine residues at one end. .The preparation 
and characterization, of ' to&T&m*po\ra\is ; (gejieral 
structure, fill) : are calso . described. : .< The .'following 
'■P^m r -T^ds the synthesis ^^polynucleotides by ; • 
polyrnenzatioa ., of, .suitably "protected deoxycyti- 
dine-5' phosphate::' ■■-''< '.. ? ■ : . y 



the PF. e Y'0"3 .work.^'.-a ^competing reaction in 
;tte-hnear^.lynienzatioh:was ! fourid tb be the intra- 
molecular phosphbrylation' 'of " «i e - ; 3'-hydr6xyi " ! 
group at one end of the' chain by the activated 5'- 
phpsphoryl. group. at^e/pth'ef '.end; resulting in the 
.for ; mat.on of ^e.^ji^q^.^mpounas" ofi the 
In.fact, the cychc'dihucleotide '(li-n = 
°^ jf^nnfciTor .lS T 20%^f the ■tbtal'nucleotidic 
matenal, and. although the prdpprtion of the higher 
cyclic members decreased with' increase in chain 
length, it. became insignificant only beyond the 
pentnucleotide level. . An increase in the nucleo- 
tide concentration would be expected to favor linear 
polymerization (involving bimolecular reactions) 
and the present experiments have all been carried 
out using a much more concentrated (1 molar) 
solution of the nucleotide than that used previously. 

(10) These include .turtle* o( the Idaetio of polymeri«tion «nd . 
comparative 5tud)r of the cnicieilcv „, ,,;„,,„,„ ^y^^ 

«K«"ts siicll a« "reactive" Biihyrtrides. 



The concentration •.(approximately 30% solutions 
by weight of the nucleotide in pyridine) now usedSsI 
as high as appears practical (see below). A lechyf 
nique which f urtherreduces the extent of the cycliza.^ 
tion reaction consists in the addition of some 3'-Q* 
acetylthymidine - 5' phosphate to thymidine ^1 
phosphate.; -.The, protected" .mononucleotideicaijif 
onl y r serve as the donor of an . activated phosphoryli 
group, and the5.chain^ona&i<withTit as-;thfeiti«e^ 
^!^^^W ot j ! W.4ergp ;:: ,the. t intramolecular^ 
reackon The^addiition 

.^thyh^d^^phkte con^ieblylnlbife 
the cychzation .reaction but then, as expected PMi 
,Iarge amount pf mononucleotide was present in' tK^I 
final products." In the polymerization experP^ 
ments reported. 3'-0-acetylthymidine-5' phosphail^l 
L n< 5 t , h ^^. ae - 5 . Rbpsphate.were used in the ratiotS 
oi This ratio appears; to represeht a compro-* if 
raise and. although the amount of tHe.' cyclic diriu^r 
' cleotide : formed Estill high, the cyclic tri- and tetrad, 
nucleotides are only minor products. • • .f 
The abpye.prinaple'.of polymerizing a ! nucleotide- 
Deanng ; the 3, -hydroxyl. group, in the presence bf 'a' ; 
second : suitably^prptected ; mononucleotide should • 
lead to .an interesting 'gerieral class of polymers, .- 
namely, homopolymers* terminated in a different : 
nucleotide group. ..Compounds of this type are 
clearly useful for stu'dies/'su'etf ks the determination, 
ot the mode of action of'iphosphodiesterases 12 and 
nucleases.M' ^n the' present'-worlc,^ homologous 
senes of thymidine polynucleotides bearing deoxy- 
cytidine groups at one end (Ill).have been prepared. 

New procedures for the isolation of pure homolo- 
gous polynucleotides have been developed. A 
major technical advance is the use of the DEAE- 
cellulose columns 7 in the bicarbonate form 14 and of 

(ID The collaboration of Dr. G. M. T.ener in the early experiment, 
u eratefully acknowledged. 

(1959) W ' E ' R *" e " " d °- Ktxat * aa - J - Biol. Ch,m.. 134. 2114 

nil! « K , h " ana - R - A - S » lth »»<« R- K- Ralph. In preparation. 
(1 ) M. Staeheiin. H. A. Sober und H. A. Peterson. Arch. Bioch,,* 
B.ofky,.. 85. 2S9 (19S9). These author, u« ammonium carbonate 
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100 



200 



300 . 400 j ; , 500 
. - vut . Fraction number..,. 
Fig. 1.— Chromatography of thymidine polynucleotides (total polymeric mixture) on DEAE-cellulose (bicarbonate) 
column.; For details of procedure see. text; for product distribution and identification, see Table I. Broken line shows tri- 
ethylamrnonium bicarbonate gradient. ' :' \ '. [ ", "V . 



the volatile triethylamraonium bicarbonate l £ as 
the eliient. Procedures for rechromatography of 
the initially obtained peaks under altered conditions 
(of salt gradient or pH) have been devised for most . 
of the polynucleotides described 1 here. These "pi o --• 
cedurcs enable the isolation of pure compounds on a 
scale much larger than is conveniently possible by 
chromatography on paper sheets described earlier . 7 - a ; 

System of .Abbreviations. — The/basic system of V 
abbreviations for polynucleotides'used in this ancl^ 
the followingypaper 9 is asanas b een adopted by '"the " 
Journal of Biological Chemistry. 1 * These abbrevia- x 
tions have been used widely by different, workers iri' : <: ' J,; 'v l 
recent year3;iand are. : very.;con^ fax 
trinucleotide III (n = :l);is:abbreyiated,tft ^ 
pC, 17 the lettered-'' designating^ -d i , 

series. In the present work dealing with" rajther 
large polymers, derived.- fro m^on^k^^x^pfa 
nucleotide, it. has:Ji>eeA fbiund 'nece^s^ 
the.\ existing/, £#§tem7 : oT;.abbre^ 
Penta- and .higher . polynucleotides, p^/the.-genefal 
structure I and. Ill will be, abbreviated^ . 
pT, ; and pT(pT)^pC respectLvely. V ( Thus; : .the l .octa- 
nucleotide (III ; : n. = designaj^ pT(pT) 6- 

pC.. As in .the. general fora^ 
(I and in) the basic umt for. the .present: ;abbreyia- 
tions is a trinudeotide^ 

^"i5H.?l e _° tide chajnV^eing; each; o ther, 

have to b^ retained 

^de-^' phogphor^t units -w can be considered to 
'■" : \ ' ' - :( !>Thyinidine; : iPolynucleotides : ^ 



[l.uThe manner of pooling the fractions and the 
^distribution of the nucleotidic material in the differ- 

The recovery as 



*ent peaks are shown in Table I. 



Table I 

Chromatography^ of Thymidine Polynucleotides. DIS- 
TRIBUTION OF NUCLEOTIDE MATERIAL IN DIFFERENT PEAKS 

} ? op Figure 1 



■f- 



; Total 
nucleotide 
^material' 1 
'-Fractions' "iirpeaks;* 
pooled ' % 

•78-87 



3 



146-156 6.5X1 
157rl62n; nli45: 
i-.4;nrl63^18bj;i'-a0.19 * 
:ii5:cK225r238k^r 0^76,;. 
v. 6 (;i239^265 y : 
-272-295 



8. 

:10 
11 



. . ; The , .elutiohypattera , ob't^rie<i \ qri Initial 1 chroma- 
tography ofthe polymeric mijeture' ^(corresponding to 
1 mmoie of the starting nucleotide) is shown in Fig. 

(or cIuUoq. Trtcthylamiae bicarbonate" is even more volatile and b 
u«d routinely la this Laboratory. . 
M) J. Poratli. Nature, 175, 478 (1955). 

(10) See under '* Instructions to Authors" in current issues of the 
Journal of Qiotniicat Chemistry. . . 

07) (a) According to the nomenclature previously, proposed. 1,11 
the trinucleotide would b c named either 5-O-phosphorylthymidylyl- 
(3' — rO,thyinldylyl-(r — 5') deoaycy tidine or deoxycyttdylyl-(5' — 
3')-thymldylyl-(5'— 3') thy»nidylic-t5') acid. (b) The aitfiiiticaut 
ahurlcnitu; cwid convenience ts effected only with the penta- and higher 
polynucleotides a tut therefore the abbreviation are introduced iu this 
puper only (ront the pentaaucleotidc on. 

(IS) P. T. Cilhftm nod H. G. Khoruna, This Jouknal, 80, 0212 
(■ U5ij). 



:15 
;16. 
16a 
17' 
18 
19 
20 
21 
22 



Remarks, composition of the peak, etc 

3.63 Mainly N-pyridiniurn nucleotide 
compound 

:^93^ ;1 ^K07' : - Discarded-' ; - : Si ■ -: : '"' 
: 94-102 / 'j' 2.53 -Mainly thymidine 3'>5'-cyclic: 

(:^:v-:- ii .y-' ■' -phosphate^ "• ■■ : * ?r ' 

Thytnidine-5' phosphate 
^Discarded.;:-';;;; -y \-rj)ip'f\ 
i Mainly, cyclic dinucleotide . 
I .Several unidentified components 
: 5v83 : • ■ Linear/.dinucleotide 
; , 3 ;45;»i7 Cyclic trinucleotide . \\ \ >■ \ . ; . ;.; 
0.87. '-^Several unidentified components 
' 9 . 24 .«•: : Linear trinucleo.tide ■ - ; . . 

1 . 42 : . . Cyclic tetranucleotide . 
. :.0.70 .-.i Mixture, : of ,.;unidentified com- 
' •: ponents 

Linear tetranucleotide, 
-l-.-58> : - Cyclic pentanucleotide and uni- 
- . dentified compounds 
. .7 .80 : Linear pentanucleotide . 
.: : i.36 Not investigated . « . 
, ; ..6 .70 ■ Linear hexanucleptidc i . 

;.::;0;'29 : Not investigated 
,M .j5 . 20 Linear heptanucleotide 
4 . 12 Linear octanucleotide 
3 . 19 Linear nonanucleotidc 
2.57 Linear decanucleotide 
2.07 Linear undecanucleo tide 
1 . 52 Linear dodecanucleotide 



:-296-r308:: = 
^310-345- 
:v 346-363 .^ 
.. ; 364-377 : 



12i:x378t415 - 8.97: 
•^13:--t416^43S:: 



:04.?i439T4S5. 



'•,'486-517 
: 518-^70. 
:.571-&80 
•581-620 
621-660 
661-697 
698-730 
. 731-763 
764-793 
1 M triethylam- 
mpniuui bi- 
carbonate 



4.71 



Higher polymers 
Total recovery of nucleotide material was 8,833 optical 
density units at 2G7 m/i. In view of the hypochromic effect 
in thymidine oligonucleotides. 1 ' the recovery is concluded to 
be practically quantitative. fc Percentage of the nucleotide 
material eluted after the tetranucleotide was 41.1%. 
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a 



1M 

a* .is* 
J ■ 



Fraction number. ' ■ ^n' ' 

Fig. 2,77-Rechromatoffraphy of the. tetranudeptide peak (peak;. 12 of Fig. lJ oa a/DEAE^ceHulose (bicarbonate) column 
(20.cm: X 2 cm, dkO^The column was pre-equilib'rated with 0. 1 M triethylammpnium fiicarbdnate buffer. • • Elution carried 
out. using a linear gradient: (broken line) of the same salt ; the major peak is pure" teUanucl^otide.'- ( . ; • : ' ' ■ - : 



judged , by the ultraviolet absorption measurements 
was essentially ^'quantitative.^? ^The' resolution 
between the successive' homologous polynucleotides 
was sustained as;far;as the elution was pursued by 
the gradient elution technique used. (In the pre- 
viously published work, 7 elution of pure peaks on a 
preparative scale .--was described only as far as the 
pen tanucleo tide.) The extent of polymerization 
achieved in these -runs has been markedly higher 
than _was_ obtained ■" before. 7 Thus. 41% of the 
nucleotidic material: appeared after the tetranudeo- 
tide (peak'12), about 5% of the total material being 
eluted after the dodecanudeotide peak (number 22) 
with 1 M ;triethylamrnonium bicarbonate. There 
was no sharp drop at any stage in the yield of the 
polymers, the amounts decreasing steadily with the 
increase in chain length after the linear tetranucleo- 
tide which accounted for 9.24% of the total nucleo- 
tidic material. 

Linear Polynucleotides. — The linear polynucleo- 
tides were in peaks 6(dinucleotide), 9 (trinucleotide), 
^(tetranucleotide), 14(pentanuclebtide), 16(hexa- 
nucleotide and 17-22 (hep tanucleo tide to dodecanu- 
deotide). 20 For further purification, conditions were 

(19) Some hypochromic effect ia the synthetic polynucleotide* is 
probable. Evidence for this at the dinucleottde level 11 and to the 
hit; lier thymidine oligonucleotides (unpublished experiments of C. M. 
Teaer ia this Laboratory) has been obtained. 

(20) The skew nature of some of these peaks (tail end) does not 
indicate heterogeneity, as was shown by recbroraatography of the 
individual peaks attd subsequent tests of purity. The elation putlerns 



found for rechromatpgraphy of each one of the poly- 
nucleotide peaks on : DEAE-cellulose (carbonate 
form) columns/ A r shallower gradient was now used 
in each case and the various ppiyniideo tides emerged 
from the columns at lower salt concentration than 
that at which they, appeared in the initial gross 
chromatography.. During ^chromatography of the 
din udeo tide, it was found that satisfactory results 
were obtained by pre-equilib rating the column with 
the concentration of triethylammonium bicarbonate 
used initially m the-mixing^vesser and this practice 
was followed for fechromato^ of the 

higher polynucleotides. \ The .conditions used for 
rechromatography and . the yields of pure poly- 
nucleotides obtained are shown in Table II. The 
elution patterns obtained on rechromatography 
are illustrated with respect to the ' tetranucleotide 
(peak 12) and the decanudeo tide (peak 20) peaks 
in Figs. 2 and 3, respectively. It was important to 
confirm that the increasing number of minor peaks 21 
obtained with increase in chain length were not due 
to any fault in the technique and therefore the main 

obtained on this scale have usually given more symmetrical peaks 
(see e.f. Fig. 4, below). 

(21) As mentioned below, when the minor peaks («.f., 5, 8 and 11 of 
Pip. 1) were examined by paper chromatography, each was found to 
contain several distinct bands. Since these minor peaks, which just 
preceded the linear polynucleotide peaks, were not separated beyond 
the hep tanucleo tide, they were, presumably, included in the main 
peaks and this phenomenon accounts for the increased number of small 
fore- peaks obtained upon rechromutography of tbe higher polynucleo- 
tide pcuks. 
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-Rechrotnatography of the decaducleotide peak (peak '20 of Fig. 1) on a DEAE-cellulose (bicarbonate) column 
2 cm: diameter). The column was pre-equilibrated with- 0.25 M triethylammoniuxn bicarbonate buffer. Elution 
gradient of the same salt as shown by broken line; .the peaks in the first ten fractions contain non-nucleotidic 

h ' 

taming about 1 jxmole of thymidine. Single spots 
travelling faster than the starting materials were 
obtained- 23 tracing of the chromatogram con- 
taining results with the octa-, nona- and deca- 

Table II 

Rechro&latqgrapky of Individual Peaks of Figure 1 • (Thymidine Polynucleotides) on DEAE-Cellulose (Car- 
bonate) Columns 
(For details of procedure see text.) 



Yield pure 



Peak qo. of 
Fig. 1 


Poly- 
aucleotide 










Concentration of salt 
at mid-point of 
major peak 


oligonucleotide 
on rechxoma- 
tography.fc % 




Mixing vessel 0 ■ "•;!■•'■ Reservoir. 


6 


Di- 




11. of 0.05 M 


. ■ ;1' 1. of 0 


.1 M 


■ 13.075 


95 


9 


Tri- 




1 1. of 


^ 075 M 


il l. of 


.15 If 


.125 


86 . 


12'- 


Tetra- 


a) 


1 I. of 


.1 M 


> *l*l.bf 


.2 M 


.180 


84^, 






(2) 


l A I. of 


.2 M 


...Vrl. of 


.3 Af 






.i'- 14 


Penta- 


(1) 


-11. of 


.15 Af 


■■. ;^11. of 


.25 M 


.230 


•87- ■ ■ 






(2) 


l A 1. of 


.25 M 


■ V: 1. Of 


.35 if 






I- • 16 


Hexa- 




: -' ; 2 1. of .: 


.2 M 


2 1. of 


.4 M 


.320 


<72« v 


17 


Hepta- 




2 1. of 


.25 M 


2 1. of 


.45 Af 


.340 


69 


- 18 


Octa- 




2 I, of 


.25 M 


■ v.2 1. of 


.45 itf 


.350 


•70 


tO 19. 


■ Nona-- 




2 L of . 


.25 Mr 


•.:v.-..:2 1." of • 


.45 M 


„.36Q 


52 


20 : 


Deca- 




2 1. of 


.25 M t 


: ■ 2 U of 


.45 • 


.380 


56 


21 


Undeca- 




2 1, of 


.25 M '■" 


2 L of 


.45 M 


.410 


72 



° The column was pre -equilibrated with the concentration of triethylammonium bicarbonate (pH 7.5) used in the mixing 
vessel at the start of chromatography. 4 This is the % of the total ultraviolet absorbing material that was rechromato- 
graphed; the yields of each of the original peaks of Fig. 1 are given in Table I. c The actual recovery may be higher, since 
while investigating the appropriate conditions for ^chromatography, the original peak had been put through columns twice. 
The yield recorded is that obtained in the final column and is based on the total optical density units in the original peak 
No. 16. 



The purity of the oligonucleotides -up to the 
pen tanucleo tide was checked by direct Ycomparison 
with samples previously characterized, 7 using ex- 
tensive paper chromatography and paper electro- 
phoresis. For the characterization of the higher 
members and for ascertaining their purity, chro- 
matography on paper strips was performed over a 
period of three days to two weeks in several solvent 
systems. The pattern of the mobilities (see Table 
III for i?f's) in all the solvent systems was consistent 
with their, being a homologous series of compounds 
and single spots were uniformly obtained with, all 
the polynucleotides. The most convincing proof 
of the homogeneity of the penta- to the deca-nucleo- 
tides was provided by dephosphorylation with the 
bacterial alkaline phosphomonoesterase 22 followed 
by chromatography on paper using heavy spots con- 

(22) A.. Gureri acid C. Levimlml, Qiochim. ISiophyi, Acta, 38, 470 
(1000). We arc very grateful for a sample of Dr. Carens preparation 
of thi3 very useful eniyme; the sumple wiu kindly furnished to us hy 
Dr. Leon A. Heppel. 



nucleosides is shown in Fig. 5. Finally, the 
degradation of the products lacking the, terminal 
phdsphomonoester groups by venom phosphodies- 
terase to thymidine-5' phosphate and thymidine, 
followed by estimation of the ratios of the two prod- 
ucts gave results in good agreement with the size 
of the starting polynucleotides (Table IV). 

Cyclic Oligonucleotides. — Peak 2 contained as 
the major constituent thymidine-3',5' cyclic phos- 
phate, 7 while peak 4 consisted mostly of cyclic 

(23) Great emphasis is placed oa this criterion of purity of the linear 
polynucleotides, si ace the general impurities that would be suspected 
from all the practical experience with the present method (ice also the 
following paper 1 ) are of pyrophosphate type, the pyrophosphate bond 
being formed between the phospbomonoestcr groups of different oligo- 
nucleotides. These impurities could be eluted with or close to that poly- 
nucleotide bearing the V-phosphomoaaester end group, which has the 
same net charge at pH 7.5. In the aiuinonincnl solvent systems, too, 
they may not be rcsulv^d from each other. Complete disappearance 
of the ortgiual spots (Pig. 5) oa dephosphorylation constitutes the best 
means at the present time for showing freedom from the pyrophos- 
phates. 
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Solvent 
,Compounda 

pi-' 

d-pTpC; 
d-pTpTpO- - 
d-pTptfpTpC 
d-pT(pT) lP C 
d-P^CpThpG 
d-p£(pT) lP C 
d^PT(pT) 4P C • 
d-pT(pT) 7 pC 



p'TpT 
PTpTpT 
pTpTpTpT , 
Thymidine 3',5' 
cyclic phos- 
phate. 0.47 
Cyc ^#TpT? 0;24 
CycJo^pfpTpT« 

PTpTpTpT' 

PX(pT) lP T 

PT(pT) (P T 

PX(pT) tP T 
PT( P T) t pT . 
PT(pT)Tp.T.. 
PX(pT) lP T 
PT.(pT) lP .T 



H.G.KhqranaandJ. P, Vizsolvi 
Table III 

K/ 5 ° F ^NUCLEOTIDES ON PaPEh P u 

~~ * -c- 




tff6 
relative 
to 

PTpTpTpC 



0.625 



Rt 
relative 
to 
PT 



1 



Rt 
relative 
to 

PTpTpTpC 





0.84 




.69 




.52 


1 


.32 


0.60 


.33 




.135 




.05 




.035 





Rt ■ 
0.43 



; Ri'. 

r relati~ 
to : 
P~ 



Rt 
relative 

to 
pTpT- 
PT P T« 



Rt 



Rt 
rela- 
tive to 

PT 

0.84 
.63 
.44 



I 

0.79 
.58 
.42 
.276 
.197 

~Rt 
relative 

to 
PTpT- 
pTpT : " 



Rt 

0.37 
.31 
.27 



rela'45$f 
tive tii/k 



2.65 

M 

0^53 

0,24 



0.52 
0.30 



1.3 
0.75 
.51 

.3.5 



• 0.58 



U" l J 
0.695 

* .'47.: 

: .325 
. .25 

,■..17 . 

■• •.J 



1.93 
. .1.29 
0.79 

0.43 



0.57 
.29 
.145 
.06 
.029 



0.67 
.53 
.40. 

.31 



0.72 
.50 
.36 
.25 
.15 



0.22 
0.17 



0.34 
.27 
.20 
.14 
.09 
Chro- 



• niat^ramTb (S^e^f «? tted as aram onium salts- tW «, 





4 5 6 



50 too 
Fra ction number 

The peak in the first ten U 'io" U " der Fi «' 3 - 

material. raCt ' 0ns conta "« non-nucteotidic 



12 3 

f oho^onc. ammonia-waur So 35 /f "" PrUPyl 

d «^t e ch. h|1I efor5.rd^^ry i T br ^ 

nona and decanucleotiri^ h-fl . ' 3 and °- ° cta -- 

-noeste^e; po s 4 and 6 T"" ^ »^ 
t»a of phosphorate™, JLT"* 1 ° Ualned aft6r ^ 
nucleotide-. «pecS ^;" OC,a -- no, "-»«''«««-a. 

scte,,,,,,; ., . e ' y - of 'he spots i„ ( |„. .,,.„, 
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*« 



*uoas -^Kae purer tp0f 




catiSsted 



Remarks.- Tin- mcrlji^i 

,1 



,uP, „••„ ,•..• Tin..- ^iu—trii-^ii-n^tr/. sjLsJ; i^.^,V,^ c .^^V.?X^ 0U P--l ■ 
• MU;:/r-jo;i;frfoirtj ic^ypa'gdtfe 'has: as.\i riae^te' : fS^SP^^^'^tri^is^f'iSatite amoiiats remain 



With 'that isolated; from pedka of Fig 1 is that it ' -f i'^™W&maii»DtaiMd al> ove in.-EigM; except 

contains a phos^pmbn^tf W^afe '"SfLwfe^^S <bd inot/gofas .far. The 

residue quaternized at either & 3?ar5£*2S 3 ^ l^^i^^^ ned .^ e ^ ear 
the sugar ring * " 

tion would be t ... ^^^^^ 

group is placed on the 5' : position as in the starting ,> . y , . . . . — T - — 

nucleotide and the pyridinium zrouo is formed A -ubsequeut 

thf> V rarhnn a + nm H/"^* 1 "" S™Lip t s iormea at attack of. pyridine at C.' with cleavageo/, the C-O bond. Such- at- 

uie o -caruon atom, tne ; connguration being unas- t«k would be exited tno^.r ft,, ^-t .ij. j.^ ^ , 




(24) There li seen on chromatpBranu in . the Isopropyi alcohol- 
arumoaitt- water solvent an odditionaUpot with mobility similar to that 
of thymidine. The ultraviolet absorption characteristics (\ m „ at 
205 m») show It to be noa-oudeotide. The compound U encountered 
during acetylatioa of nucleotides and is apparently a product of reac- 
tion between acetic anhydride and pyridine. 




tack would be expected to occur from the back side and would result la 
Inversion of configuration. In a model: experiment 'O- methyl N,N- 
dicycIobexyUiJourea ether I J. G. Moffatt and H.G, - Khorana, Tma 
Journal, 79, 3741 (1957) | was rapidly cleaved by pyridine at room 
temperature to form N-methylpyridinlum cation. However, all at- 
tempts to carry out addition reactions between the hydroxyl groups of 
thymidine and dicyclohexylcarbodiioiide have failed. We are grateful 
to Drs. G. M. Tener and A. P. Turner for the eiDcrim^N n .. n r»H 



682 



■4R1 

m Volfrgaf 



a 6.0 

o 
r- 
cs 

* 4.0 



!' -a 2.0~ 

■■-■a: 
■Mr, 



i : 














~- r fU- 

/Vf' 


k ] 








ion 








J ^-U 


v 




■M 



..U 
^ <*■ 0 



<v 



.1 

; ; to 



SO 



100;* 



i £ 1 
! I 1.6' 

la'. 
o 0.5' 

cot; 




0.1 



t^-UpT ) 3 ->r. . j q L .Fraction number/^ 
1 Figr-rvi-r 1 Chromatography of the"nautUre~of"din'Qcleotides" 
('d-pTiip^krid' pTpT)S(peafi*l5 of Fig. 0qu DEAEtcflfulose . 
( chlorid e") I 'cplumn . - Conditions . as : in text and TahlehVI a n o i j r>j-: r T l 

been expected under these conditions of chromatog- , v . . „.: u - , c lt . 4 . # * 

raphy (pH 7.5), the two;Bembers of^ch size;;^., - - . ;\, Fractioa ™ ,eK 

pTpTiajad d-£.T.p5% and* similarly pIGpEpI aiMlfcpp- - Fiff ■ fearOhdii^ ?*> heptanucl^ 

ipTpG,*:etci) • weiei elute^jtogeth'ef j W^earlier awork- -U4^(rs^y1^ 




QisTwaurioN t pF.NucLiOTf^;^TB£iAi:; ni' rDmutfr take advantage of the use-of the volatile el uent for;^ 
'V"- £ k ' :1> ^ PBAis!o?PiGVRs 6 - * -"'*Mf ■"•■'in*'- - the -initial gross separation -(Fig. 6) into the pairs VJ 
c: ^TO^« ^nuci^ J ' A : ' ;Rcm^-; ;J ' • ' of each size and subsequent chromatography under M 



-^B (? o '!ups560 ^^-c.iolCycU^din^eotiaea££/ 3 v. ; ^ mat erial f sepiratM| ftom tilgmajor cor5poaen^: i 
*WWti* W'Oiae.dstaMa^dqsisoiflxao^ jj^sed^ ?h e in^se in 6ut the fet&a^ ; .' :i5 
3r * ::i'!;^^ ir ^ 3 . : ^ redbvered r fit.m the ^in peal^re aU 

SEPAjUTIONivOjv' THVM^-jra^POLY^qLEOTIDES P^OM ,TfiB 

CoRRESPO^fb^NC Poly>tocl,'eotides Co^^TAI^fl^fG Terminal 

Peak * Cqaditioas for recaromatocrapby r-» 



-ci0Cq-4>254e583 - tt5'?3 UQ-rc^TpTpC^^TpTpT^oI !^ 
J^ : i-xorK^8^30f 7' : ? G 0193 ' ^.H:Cfeclicttetf^n*ddeotideq 

.12 323-353 9.8 ptpTpTpTjiH-^-pTpXpTpC 
ha3:m-tc3'6^83tu3fil-08otlQ£iiscaidiidI attfbiixr^dT 
-fl4-q 1384ril5i'^i^8-.25i---.pTtf!SE3,pT rHi cl^T(pT)ipC 
kU«u1416T44Q iO nO*.69.:;:tiiDiscajided) b5>£ii.-^cfo kJtjU 

I'd.Sa .^63-^93 err aOt.Zk si Discaxdedlq % Ci:-aii£birrr|iij 
ill&iv/ ( 494r7532T rii3'i52ju3 p0:(pli)(p^ rk^pT(pfD)'{pe 
3iI6a:vr)l533t553!-) 1<:0.47r|;n]dDiscaxded r ^ africbsa 
i-tlT*. :isL[554i59a: s'ii 12. U( •;.>.pX(pZj¥lI H-L^pTCpT.jipC 
J:18;/v 593-620 nt rrlc3& biipX(pi) 7 p^:4- (d^pTCpT^pa 
•il9' .62lH550t?:: !0:94;\:b qpi^h^rTr/^^ 0 iU .r^u; 
• 20M ^( i i,Hd;.:^.,0:98/H ^ t Yf^M,^ W:,,: 
'.• "/.This - is. the' itotal : material eluted ;wtth 1 M: -trie thy 1- 
araraonium bicarbonate, 7.5. 

raphy of -the total mixture • was carried - out - under 
acidic '(pH.%7) conditions and ! there the separation of 
aU pf the 'expected smaU-^ 

pTpT,-d-pTpTpC, etc.) was satisfactory,. but as the 
size increased, the compounds with approximately 
equal charge at the acidic pH (e.g. pTpTpT and 
d-pTpTpTpC) emerged together and further separa- 
tion was carried out by paper chromatography. 
The procedures now preferred and described here 



Cbncn. 



" " "TCf ..elutio 



"uinn 0.003 iV HC1 . 0.003 AT H CC . .elulion Polyaiicl. 

•VJ<&mi'j sr+juuxiu oa^-i;;(;f::dV(Af,;;qi.)/:;i{..eiutcd" v. c 

.10 0.05 1i.LiCI - .;0-Af UCl-r *, r ;035 i d-pTpTpC -54 

_ u, L .-CX . lM -.a *J-07b J,t ; P TpTpT- 

<-i2 D'Jlyy^ & ttQi^is W £iGi a ~(y .'iao^^'d-pTpTpTpC'ss 

■-:-X;V{l.<i mO'fl ifUUx-^VXt vMiQ* :».pTpTpTpT-.iv 43 
. .H;-.^ / '.4v, 1 ^iGI^ 1 ^2 p 'At.JLiCl ' ;%,.,135.: t , f d-pT(pT)i P C 50 

15 . ':i5 ! ..W' t;ia .25li LiCt \2q0 : ^ d-pTCpT)*pC 59 

16 175:1/ XiCl r •■3! Af-LiCt ff; .1225! d- P T(pT)ipC 59 

- '.vh/ii; ^kitai.:.-^ / .v/^.fNTvr^o •. ; pT( P t). p t 4i 

7* .^ f . ^Uq f . r ; .3 . ^ JWJ.tjpi . ;..2l0 d- P T(pT).pC .59 
• , .« . uji.., --\220* pT(pT)ipT 41 

.2 M LiGl '-';3 ; t^UCI ,: ' l .2l5 d-pT(pT)7 P C 63 

i .. i ((Uv :^ ,irr.-:n;i: v i . ; 230 pT(pT)tpT .37 

:. ^ A lower coueeutration of LiCl would have been^ade- 
quate as found during rechromatography of the next higher 
oligonucleotide mixture. k For the relatively small amount 
of the materials' corresponding to these peaks, rechroma- 
tography was performed on a smaller column (16 cm. X 10 
cm. dia.). The flow rate was about 1 ml./min. c Percent- 
age of cytosine-containing member and corresponding mem- 
ber containing thymidine'only. 
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below). 

matography^, r 
ponents C95$W^ 

parts confaimn^ recavef ed ' 
a t eai.leyei^e-^ average" 
ratio of . ^'e>aeoxy^i<^e Jin^nb'^r- td';tie?pitfely ' 
tfcymidme-cor^^ 

The ho^g&a^ 
terminal deo'^.^^ 
sive paperr^om^^ 
more, pap<^elef^ 
espedaUya%&^^^ 

the homologdus'jmem^^ Table-iVI!^ 
re lative : iPAPB^ jBLE'cfeopH^Rjm of Oticd^ 

; NUCLEOTIDES AX^H^S" • * :: ' -f-'-i^- 

.V- -fif-,i^y>3y 4' - ■ , . o. ~ * >f obili ty relative to '" ' , 

Com .?.^? r 4^ 

pTpT : v l # tarVff'ivJ&H^ :V:"i:. ■ '.* 

■ pTpT^iffl r ^- : ''^^^^^- ; ^ x ^^ ; ^ :^-^^v - 




inly consisted 

tad composi- 
tions ,.similar 'to^s^fis^feed focFig. 1-and peak 5 
consisted ?pf;. ■ atjm^ffie^bf : depxycytidinefS'v-phos- • 




tl £A^K$k^^^ the^eparation 



IV58' 



d-pTpC.V, ; : ; 

d-pTpTpdib:^"^^>: 
d-pTpTpTpG^^--^^^ 

d-pT(pT) B pCo-i; . 'ifltixX^asojirSs 



: vaa&i.jn 63:. is 



ffi^Wfe ^^SM^^fB^ .will 
be^cpncjOT comparison' of the : efEciencv of • 



^iS^-aw ^^^we^auon;Teaction; r ; With 

drides^^icj^ may , 

?a^tf JcineliG sttitiM?^ : 
sifaplej^^ or" products db- 

^SH^^W^g^fe iP^^^W^cydphexyl- - 
carbodiimde;B's ^ecessa^^V^efore. .furthers studies 
with ; ■ thes<^ reagents"' f 'can - be" ;iindertakeri ; ' In the 

hSylcarbp^^^^^ 
tolu^esufronylc^nd 

J ^uch ^^o^^dntinttes* to f *rbe ^j)tided in r this 

: ""' J: ' ; ' as" 




( With : thd/mernb^tontain^ the 
tecnm"queL|s^ffi 
appUcablej.omy^^f 
the higher! members .having jaBaut T^e' sam J 
ity.) Degradation of the'-hpmpldgous polynucleo- 
tides by;iy^om^ aiid : . determina- ' 
tion .pf-..ffie;ratiqs ) ;o 

phosphate ..and thymiajn.e'rS '^phospliate/'gaVe* excel-.- 
lent agreement "with - the'^ lvalues •■: expected ■ (Table = 

-""^^"^^^A3tirafeV;f: v---. 

Results ;,of • .Depe^ation. ^o^iTp.lyotci^otidbsJ^TSr-" 

NCI NATE D IN Pe OXYCYTIDINE : BTf vVfi NO.M PhOS?HODIB STBRASs"; 

■' ' ^tf'-' 1 '!^ ,; J (Details asm tejct) : " ■'* 



-i^.cts;^:?^ ^v|t^j:uExperimental ■ . 




Cora- : 
pound 



PT 

Optical . , 
.density, ,', 
' ml. at 1 
2G7 

1.56 

4.10 



-Products of bydrblysis— 



d-pTpC 
d-pTpTpC 
d-pTpTpTpC 4.30 
d-pT( P T) 3 pC 4.90 
d- P T(pT)4pC 3.28 
d-pT(pT)»pC 3.63 



>imole a 

0.161 
.423 
.444 
.505 
.338 
.379 



- P C- 

.... ".Optical : fl 
density," ' 
ml. at 
280 

2.15 

2.86 
1.96 
1.64 
0.8S2 
0.840 



it mole 4 

0.163 
.2165 
.148 
.124 
.067 
.0636 



Ratio pT/pC 
Found Theor. 



0.99 
1.96 

3.00 
4.07 
5.04 
5.96 



a Using a figure of 9,700 for at 267 ra/i for thymidine- 
s' phosphate. 6 Using a figure of 13,200 for « m „ at 280 xufi 
iu acid for deoxycytidine-5' phosphate. 

The linear thymidine polynucleotides isolated 
were all pure when characterized as described in 
the preceding'section. Other features of the elution 
diagram (Fig. 6) were similar to those of the diagram 



They-- were-^che'eked \(_*uciuny ium_ueir purity Dy ^a/ paper 
chromatography ;£sdWc^ dbiibie-- 
acid. -washed .^ap^^ps^Siag 'at^east 2 /xmole of 'material 
. for' ea^:.vsp-ot;iJ(^ :( c ) spectral 

charadteristics^ Paper. 'cliromatogfaphy in solvent B detects . 
deoxyitndme-S'i'tjliosphate-.w^ present in'thymi- 

dine^S^phosphater, ;^7hUe;solvent fFvis' suitable for detecting 

^Deqxycytidirie-S'iphds^ 165' ^ mg. of free 
atid)Cwas'dissolveoV m^mixfure-bf-lO-m^ arid I' ml. • 

ofipyndine atid "the soluti.oa-ly.ophili2ed.^'i The finely divided 
nrntenat'-thuS/Obtai^^^ 5^ mU'of :dry pyri- 

dine^nd'1.5 iml.'b&ahetiG^aiihydri'deradded.-The stoppered 
flask was: kept inTthe* dark at rooni -temperature and shaken 
frequently.^ Clear solution: - resulted' within . a . few hours. 
After a total of about 18 hr'., water (20 rnf.) was added to 1 the 
essentially ; colorless solutiorf; in ice bath. The solution was 
kept at room temperature, for. about 1.5 hr. and then con- 
centrated to a syrup- in vacuo at :low temperature (bath 
temperature below 20°) usiug a rotary evaporator. Water, 
was added to the syrupy: concentrate and the solution re- 
evaporated as above^ The procedure was repeated twice 
when most of pyridinium acetate was removed. Finally an 
aqueous solution (about 50 ml.) of the product. was lyophil- 
ized to give a fine white powder which was stored at 3° as a 
solution in pyridine and . used directly. Paper chroma- 
tography in solvents C, D and.G as well as paper electro- 
phoresis at pH 3.5 showed the absence of any unacetylated 
material. A weak fast-travelling spot was frequently seen 
on chromatograms. This was evidently non-nucleotidic in 
character (X,,^, 295 m/i) and, as noted above, appears to 
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ammonium bicarbonate (/>H 7,5) in the .reservoir, and,^ 
^l^of-'O^'^'Jlf-triethyla^ttniam bicarbonate in the" in 
vessel and 2:l'.lof 0.'45 M solution bf-the same salt in the. 
ervotr . rr In t both .experiments, .a flow rate of! 2-2 .3 ml./- 
• Was' 'maintained '• and, approximately, 20 t ml . . fractions 
collected usin g ' an '/automatic fract ion 'putter: The, 
pattern' obtaided-ffom' tne polymers containing thydncgg 
only is shown in.Fig/1, and the pooling ef fractions anctpr 
uct composition is' shown; in Table I.^hThe^elutipnjP^tti 
obtained in/the polarization bf^a; mixture p.f doacetor 
o l xfcytidine-5 ? phisphate and' 'th^midine-S^ phdstftati 
. snown'^ Fiff-f B-and :^ ^ Ta . bl fe 

' The 1 fecbv ery ' of this :nudeotide- : material; in:-bo th experimeg 
was. essentially quantitative. ; \ : - : , ;3?f 

Each of the pooled pealcs' was 'evaporated in vacuo'sXfe 
temperature^and the, residual syrup obtained,-. especially, jwj. 
h^^her J oligonulieotides,/was redbsplved.m. water and^t 
solution re^vapbrate'd. The 'process ..was repeated seve 
times to ensure complete' removal^ -'tnethy lammonium^ 
carbonate^oFurtherrprbcessmg;pj.T.the peaks is - d escry 
be'lowC iV The Concentrated solutions 'of those peaks that We 
to'be purified by 'chromatography :m ammoniacal solvents.^ 
.paper strips -were" passed though small columns- ofnam 



j No. [.attempt, was imaderto; 

rraffoVe this minor by-prqduct:^ v (Vs'r: i h i f t f. v.[ Ft Liiii sStufq 

' The procedure, fpr&eicetyja^ 
ptfafe'w^aenU^ 

aUy^ag : ammonitml salt, -was first; converted ;to lr the pyndm-; 
ium salt by passageithrougfra column* of:pynp^iumtDoWex-> 
50aon r exchaneejres^^ 

andlne f esHaue'r 1 eQdered.anhyaVous by^epeatjed^ 
, rr . . • » - i_'i_Li „ a ici,' LL, n nr/s in,4 -7 ih V - /a 1- rnn m t emoer at 



^pyridine ana tne so uapa r^v*pui^.« «^ ( . .5-^553 
■wMe^proceaure was' repeated at.leastHhree -toesjand^he 
resulting anhydrous foarhwas-.U^ 

dine ' -To the clear solution, was ^.dded ^under,agitation trpm; 

a'pressure^^ 

diimide^i.eS'^^'mmole);^ 

stbppered^f eactioh vessel -was vigorously; '■ shaken 1 lor' 'some 
five minutes, during Wh^.tim^theinitiaUy se_parated>mobile : 
liauid turned ): intQ A aVgum 0 ^ The f iwo.phape^^t^e ; ]was 
snafeuVmechanicaUra^ 

the dntf^lotll reaction^ture^^ 
□Wse^af'taeJcrystaUiza^^ 

■ • 1 , , _ • * • *t« .fWit\-^/-t;on^TTiiYtiire^¥^rt±ieniaaaeav 



dro»deX9ini;o watery 

the 'sealed? mixture- was shaken 1 tiidroughly^cfthe solid lump 
broken with^glass;^ 
with- ether (50 ml.] ^and th&^o^ 

dicyclohexylurea. : The" clear ^aqueous layer ' was . washed 
twice with 1 ether and'^eptIfoka^6tal>of aV^ 00 ^^" 
oerature; to Jremove^^ 

(H" + 3 resin" £as' ,theac£ddel gradually, AmtiL. $^H^opj>ed. T - 
to T £eutraUr^ 

aqueous sdluaba -wa/ concentrated,: at Ipw, .temperature ano> 
madi? t up ' to ,a standard vo^urne, and .stored, at 3 r f ; £&£t&; mto 1 ' :i 
i^olymerizaW 

dine-S/.-Phbsphate ^and.-d'Thymidme-S/f .(KhosphatefeThel 
bolv merizatibn- .wasrcarried>outiex:acUy::as;'descabed..aboye; , 
except that ione-half^ 

bvithe addition!of.appr;opriate:amount:of uqueo^rM^'to* 
"t^e polymerization mixture;- -aiuU extractiott;wi to ether^the^ 
aaueous alkaline solution-;,w.as .passed ,throughi:a:;cQlumn (6 
cm:; X 2 i'mldia.) of AmbertoeV12Q:resfo(^ 
and the ■ total ^efiluent iahd i washings; .eyaporated'jta .dryness^;* 
The.' residue wasi dissoLved:int;10riiil^ 

the • solution .'kept .at raom[.temperature -.for.^ .S.^tj./tQiensure.. 
complete: removal .of. the )Nr.acety L group . :( ffhejsplution was i 
thenu evaporated iahd- the; residue, . made up^ a.; standard) 
volume in'water and thcsolutiou stored at 3°. \6 'vji 
/Large-scale Separation of Polymers on DEAE-cellulose ; 
(Carbonate) Columns.— A portion - of the solution; (corre-^ 
spbnding to 1 mmole of nucleotide) of the polymer mixtures 
obtained above was adjusted to pK 8-9 with ammonia and 
applied to the top of a DEAE-cellulose column- (carbonate 
form) (30 cm/lohg 'X 4 cm. dia:) and careful y washed! in 
with water (total volume of water wash; 300 mlv). Elution 
was begun using a linear gradient elution technique. In the 
case of polymers obtained from the mixture of 3 -U-acetyl- 
thymidine-5' phosphate and thymidine-5' phosphate,' the 
mixing vessel contained initially 4 I. of water and the reser- 
voir' 4 I. of 0.25 M triethylammonium bicarbonate \pH 7.5). 
When this eluent had passed through the column elution 
was continued by maintaining the linear gradient (4 I. 0 
0 25 M triethylarnmonium bicarbonate in the mixing vessel 
and 4 1. of 0.5 M salt in the reservoir). In the case of poly- 
mers from the mixture of N.O-diaceiyldeoitycytidme-5, 



■paper .5U l^Ja -.'Wti c ^hojv.u — & — r 

.monium. Do wex-50, ion- exchange res.Ln. tp obtam ; ammooumii 
salts of materials. ■ ... ...... ' . .-■f ---^BS 

1 ' Further Purification of Thvmidine Polynucleotides 
Rechrbmatography = . on ' DEAE-ceUulose ; (Carbonate: 
Columns.— The peaks .from Fig. 1, corresponding ;to-Jmearj 
thymidine polynucleotides, 1 were *rechromatographed q pn 
; DEAE^eilulosecolumns (20 cm. -X 2 cm .diameter f average; 
TsizeY tcarbonate form), i Satisfactory! results were^pbtameg- 
by- pre-equiUbrating the column., with, the^-m^thyjam: 
monium carbonate: concentration used m-^e.muing:vfissej 
^dV.by.aappiymg: the^pplynud 

■carnair-ditfeby?,^ 
.cenTraKons;. m.:the;;ira^.g ( ye^^ 

*Tab&lWoV^ 

'ml; fractions were coUected ; 'the flow" rate being about I .ml.^ 
inm? * -The \ major: fpeak^was again recqy^ed i by ^apora^pg 
■of "the cbmbmedceluate .a^ 

nucleotides 1 were r r ex , dianged\ta^ammoDium ; ;salts by r passa„ 
■ 'thr'bugh smaU columns bf 'ammonium Dowex-50 lonexchangeT- 

. Xhe- number, of .minor, peaks. ; ob tamed f oa ; ^rechromatp^, 
xaphy; in' generaiVliricreased with ^e-increasmg size of.toe^ 
oorynucleotide: "Th'ex&diutioii was throughput satisfactory^ 
aVwWlne^ 

obtained on .rechrbmatography; are illustrated with;, respect 
to the peak 12 (tetrauucleotide) and peak 20 (decanuclep^ 
tide) (Fig. 2 and 3 respectively). Rechromatography of the - 
major peak of Fig. 3 gave a single sharp peak (Fig. 4). ^ 

..Separation., of 1 Individual^, Polynucleotides Contairung^ 

Terminal^^eoxycytidme 'from Corresponding Polynucleo- 
tides Containing Thymine Only. -^Each of the major peaks' 
from Fig. . 6 corresponding to linear polynucleotides was re- 
chromatographed on a DEAE^eUulpse .-column (15 cm. X^2 
cm. dia., average size). in the chloride form by using linear 
gradient elution technique. The volume used in the mixing 
vessel.and in the reservoir was 1 1. each in all .tteexp^ 
and the salt concentrations used are listed m Table 'VI. ; lne 
flow rate was about 1.5 ml./min. and 15 ml. fractions were 
coUected' Each of the original peaks gave two major peaks 
and often other minor peaks which were discarded. ^The 
first major peak was invariably the oligonucleotide contain- 
ing terminal deoxycytidine, while.the second major peak was 
the analogue containing thymidine only. The ratios of the 
optical density of the two major products obtained on 
^chromatography are also listed in Table VI. The typical 
elution patterns obtained are illustrated with respect to the 
dinucleotides (pTpC and pTpT) and heptanue^ ( P T 
( P T).pC and pT(pT) fcP T) in Fig. 7 and L 8. respectively. 

Recovery of Linear Polynucleotides -The combined 
pure peak fractious obtained above from the chloride 
columns were neutralized with lithium hydroxide and then 
evaporated down to a completely solid white residue by first 
using a rotary evaporator anri then sucking on an oil pump. 
The solid cake was dissolved in minimum of methyl alcohol 
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c^TesfeS^^^ 

agau.coUectedby centnfugatJon. FmaUy.they were.jyashed pH. of the resulting solution checked, to b^arounc I I fi 
resin. vThe.iCombujed.jifflu^^^ 

txated to-.smaU vpjumesj^ -tfe^uclo&S in^#^^^rn W V^^^"^^'^? 

SomeLo™bM 

proced^th^ja^^ 

general. i therecovene5,,esp e c«U X; ^^ 

contamu*,^ 

applied, by ,• " 
present .in t 

10 and 13, -. .„ :fw :^fv:;s^vAy l W^iWi.^ at i/7„tor b-Y tuvin all cases, 

through amrapuiutn ,Dowex-5Q ion exchange; .resin^qlumn"^. jJg&ns, . .'aegra'dation was ^complete InlwfSg™ ' Yt-rt 

s ™ _ s i ° lv «t A, isopropylalcoho1^bncc^ A ^^ 

moma-water (7-1-2, v./v.); solvent B, .sobutyric acid-1 M P le<* "hydrolysis orthVfefereaM 'sSxkn^&ffititi^. 




. .. r ^ - ectiropH 

siraUarAfo that' of -Markhara "^dCSmj th 1?7j [< 
roudaely-.w^ 
0 .05 « ^ 0 tnethy_lanW 
double^ 

the^paper 1 being soaked 

application' o f ■ the:'spo its ; ^ ^he/relative 'mobilities.ipf .differ.en t 



jygcuba- 
ich' 

ithiniid'eoside are listed in)Title.^y^vffiii; "nKv^tGefcrin,- .. 
^r^PffiA^W^^ l-,,£ig;.l).. T 7*The; major 

■P??°^^y^?m!.Q;4 6 . 7&*t rpfii^ymdine^.'r.p^ph'atRirriQn 
.Daner^chrnmfitncrrnmc_in crtluVn* A • Jtc P^'wJio'n tit; U A f n *-d rA 




•absorbing- material had ^i2f.in'?solvent A ^ of; 0.38 (i?f'bif:th'ynii- 
■ marker, ;0;65).;[ The substance moved -toward 
.rF^^ 1 ^^ 6 'cPJ 1 ' r:p a P? r : ; ^^tf 9P^p r esis, .showing^,. positive 
^^ffe... The .'oilt^ayip le£-ab;sprp.ti^ 
. stance sho werf " ni'Vipn lr . a t 1 9firi 'fri'.."^* ii '■ ri f^K^il M "* 





stand^ized^ith v -the djnt^cleoiide'p^pj: bein&used.? r . iio'rc. 
rece ii tly ( th e 'alkal inf* nhin±nU'n**'**^t ^?~~i. 2'-: I l i ; L-j- Irii* • 

par'eS'' by^Gaf en • £ 

aration ; containing « w o . / w . ^ ^ A _ „^ 

(27) ^R..JM«Jcl«m\ad J: D^Smith.^aci;^^ 

(28) 'H. G, ■BbWa?5rtrti»: / kili»^:ia;*i53 '0^8)^' -^'- 

•'• :v - ;M;v; ^tf! -u.;.: , wl:f. t i.fe»^qqa 7^-j)i[:; 
:!J ''""'V ' V'Vv; J tujui.- ■ nsj v..?;-. 



Sic at |260 'm^th idGifioSael^mbSF a 



^stance' showed" a'^eak: „ 
second peak )~at : 267 tom 

(1059) : 
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URIDINE-SPECIFIC ANTIBODIES OBTAINED WITH 
SYNTHETIC ANTIGENS 4 

By Michael Sela, Hanna Ungar-Waron, and Yael Shechter 
section of chemical immunology, the weizmann institute of science, REHOVOTH, ISRAEL 
Communicated by Christian B. Anfinsen, June 10, 1964 

The problem of the antigenicity of nucleic acids has been approached from several 
directions with varying degrees of success. 1 Reports in the older literature 1 ' 2 
on antibodies with specificity directed toward nucleic acids have been challenged 
because of doubts concerning the purity of the nucleic acid used either for im- 
munization or for specific reaction with the antibodies formed. Neither RNA 1 
nor DNA 1, 3 * 4 nor synthetic polynucleotide 5 preparations were found to be im- 
munogenic by the serological methods employed. On the other, hand, positive 
results were reported with DNase-sensitive antigens from Brucellae 6 * 7 and with a 
soluble RNA preparation from yeast. 8 Antibodies directed toward thermally 
denatured DNA have been detected in rabbit antisera to ruptured T-even coli- 
phage 9 and in sera of patients with lupus erythematosus. 10 " 12 In the case of the 
coliphage the antibodies were shown to be directed, in part, toward the glucosylated 
5-hydroxymethylcytosine. 13 Antibodies with specificity toward RNA were also 
detected in antisera to bacterial ribosomes. 14 ™ 16 

An alternative approach to the elucidation of immunological properties of nucleic 
acids consists of efforts to bind, chemically, their components to well-defined anti- 
gens, and to study the specificity of antibodies elicited by means of such artificial 
conjugates. Thus, antibodies with purine or pyrimidine specificities, reacting with 
heat-denatured DNA, were obtained in rabbits upon injection of purinoyl- 17 or 
uracil-conjugates 18 of serum albumins.-. 

This report describes the chemical binding of a uridine derivative to two different 
multichain synthetic polypeptides, one antigenic and the other nonantigenic. 19 - 20 
The injection into rabbits of these synthetic nucleoside-polypeptide conjugates 
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elicited, in both cases, antibodies with specificity toward uridine, and which reactel 
with single-stranded thymus DNA, heat-denatured S. coli RNA, and polyribo" 
uridylicacid. 

Materials and Methods. -Nucleosides and polyadenylic acid were obtained from Sigma Chemical 
Company, uracil and d-ribose from Nutritional Biochemicals, and calf thymus DNA from Worth' 
mgton Biochemical Corp. We are indebted to Dr. S. Ochoa for a gift of polyuridylic acid, and to 
Dr. U. Z. Littauer for a gift of E. coli RNA. 

The multichain polymer multi-poly-DL-alanyl— poly-L-lysine (pAla-pLys) waa prepared 1 ' 
from N-carboxy-DL-alanine anhydride and poly-L-lysine, in a residue molar ratio of AIa*Lys 7 - 1 
Undine-5'-carboxylic acid and thymidine-5'-carboxylic acid were synthesized according to Moss 
el a/. 21 N,N%dicyclohexylcarbodiimide (0.5 gm, Fluka, Switzerland) waa added to a mixture of 
pAla— pLya (1.5 gm in water) and uridine-5'-carboxylic acid (0.75 gm in dimethylformamide) 
The water content of the final reaction mixture was 5%. After 18 hr, it waa dialyzed against 
diatilled wat^r (3 days), filtered, and freeze-dried. The reaulting U-pAla— pLys (Fig. 1) contained 
9% undine-5'-CO-, determined from the extinction at 260 m M (corresponding to a molar ratio of 
U:Ala:Lya, 1:32:4.5), and had a molecular weight of 80,000, calculated from a sedimentation 
coefficient of s*, w = 4.3 S (1% solution in 0.9% sodium chloride), a diffusion coefficient of D M w 
- 4.7 X 10 ~ 7 cm 2 sec *, and a partial specific volume of 0.72. A thymidine derivative, T-pAla— 
pLya, waa prepared analogously (8.5% thymidine-5'-CO-). 

In order to obtain a multichain polymer that would contain both uridine and tyrosine, use waa 
made of the observation that U-pAla— pLya still contained unreacted amino groups. It waa, 
therefore, reacted (0.S gm in 0.05 M phosphate buffer, pH 7.0) with N-carboxy-L-tyrosine anhy- 
dride (0.2 gm in dioxane); after 24 hr at 2°, the product was dialyzed against distilled water (3 
days) and freeze-dried. The reaulting (U,pTyr)-pAla-pLys contained 14.5% tyrosine residues 
(from the extinction at 293.5 m M and pH 13, aa well as ninhydrin colorimetry after hydrolysis and 
paper chromatography 19 ). The molar ratio of U:Tyr:Ala:Lya waa 1:3.2:32:4.5. The polymer 
had a sedimentation" coefficient Sm,* = 4.7 S. 

Calf thymus DNA and E. coli RNA were denatured by boiling aqueous solutions for 10 min 
followed by rapid cooling in an ice bath. DNA was also heat-denatured in 1% formaldehyde." 

Immunological procedures: The polymers tested did not give any precipitate with preimmuniza- 
tion sera. Groups of eight rabbits were immunized (using Freund'a adjuvant) as described pre- 
viously." All experiments were carried out with pooled antisera. Precipitin and inhibition 
tests were performed as described by Fuchs and Sela. 20 

Results— The homologous precipitin reaction of the system U-pAla— pLys- 





Fig. 1.— Schematic presentation of the multichain nucleoside-polypeptide conjugate 

U-pAla — pLys. 
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anti-U-pAla — pLys is shown in Figure 2. The antisera cross-precipitated partially 
with T-pAla — pLys, and slightly with pAla — pLys. In the last case, the maximal 
precipitation occurred at a much higher concentration of the polymer. The 
homologous reaction was also positive when checked by the passive cutaneous 
anaphylaxis technique. 23 

The specificity of the antibodies obtained is apparent from inhibition studies. 
Neither uracil (up to 5 mg/ml serum) nor d-ribose (up to 10 mg/ml) nor a mixture 
of the two had any inhibitory effect on the homologous precipitin reaction. On 
the other hand, almost total inhibition was observed with uridine, and a partial 
one with thymidine (Fig. 3). Cytidine, at 5 mg/ml serum, caused 20 per cent in- 
hibition. No inhibition was found with guanosine (0.5 mg/ml) or adenosine (1 
mg/ml). The last two nucleosides are not well soluble at higher concentrations. 
Uridine did not affect the extent of precipitation of egg albumin with antiegg al- 
bumin. Nucleoside-5'-carboxylic acids were not used in inhibition studies, as 
uridine-o'-carboxylic acid inhibited efficiently the homologous systems of both 
U-pAla — pLys and egg albumin. On the other hand, uridine-S'-phosphoric acid 
caused 50 per cent inhibition at 1 mg/ml antiserum, but did not inhibit at all the 
homologous egg albumin-antiegg albumin system. 

The cross-reaction of the antiuridine antibodies with nucleic acids was also 
investigated. Native calf thymus DNA did not cross-precipitate with the anti- 
serum, while heat-denatured DNA gave a typical precipitin reaction, and an even 
better cross-precipitation was obtained with DNA heat-denatured in the presence 
of formaldehyde (Fig. 4). 

Neither native nor heat-denatured E. coli RNA cross-precipitated with the anti- 
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Flo. 2. — Extinction at 28UU A of solutions in 0. 1 /V sodium hydruxide oF precipitates obtained by 
the addition to antiserum against U-pAla — pLys of: O, U-pAla — pLys; X, T-pAla — pLys; 
A, pAla— pLys. 
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Fig. 3. — Inhibition curves of the homologous reaction of the system U-pAla — pLys and its anti- 
serum by: O, uridine; X, thymidine (antigen cone. 20 Mg/ml serum). 

uridine antiserum. This was due to the presence of RNase in the serum (rabbit 
serum contains RNase equivalent to approximately 0.1 bovine pancreatic 
RNase per ml 24 ). The RNase action was inhibited by the addition of 200 jig of 
7-globulin isolated on DEAE-cellulose 25 from an anti-RNase antiserum per 1 ml 
of antiuridine serum. When after 24 hr RNA was added, cross-precipitation was 
obtained with the heat-denatured material, but not with the native E. coli RNA 
(Fig. 5). Polyuridylic acid gave a precipitate with the antiuridine serum in the 
presence of anti-RNase y-globulin, in contrast to polyadenylic acid (Fig. 5). 
None of the nucleic acid samples mentioned above gave, at the concentrations used, 
any precipitation with either normal rabbit sera or antiegg albumin sera. 

In Figures 6 and 7 are shown, respectively, some precipitin and inhibition re- 
actions of the antiserum to (U,pTyr)-pAla— pLys. In this case, beside specific 
antiuridine antibodies, antipolypeptide antibodies were also formed, as apparent 
from the incomplete inhibition of the homologous reaction by uridine (Fig. 7). 

Discussion, — The experiments described show that antibodies with specificity 






Fig. 4.— Extinction at 2S00 A of solutions in 0.1 .V 
sodium hydroxide of precipitates obtained by the addi- 
tion to antiserum against U-pAla — pLys of: X, heat- 
denatured DNA; O, DNA heat-denatured in the pres- 
ence of 1 % formaldehyde. 
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Fig. 5.— Extinction at 2800 A of solutions in 0.1 N sodium hydroxide of precipitates obtained 
by the addition to antiserum against U-pAla — pLys previously treated with 200 >g/ml serum 
anti-RNAaae 7-globuiins of: (A)O, heat-denatured RNA; A, native RNA. (B) a, polyuridylic 
acid; o, polyadenylic acid. 
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Kiu. 6. — Extinction at 2S00 A of solutions in 0.1 N sodium hydroxide of precipitates obtained 
by the addition to antiserum against (U, pTyr)-pAla — pLys of: O, (U,pTyr)-pAla— pLys; 
A, U-pAla — pLys; X f pAla — pLys. 



toward uridine may be obtained in rabbits upon injection of synthetic molecules in 
which uridine-5-carboxyIic acid is bound through an amide bond to the amino- 
terminal groups of poly-DL-alanyl side-chains of a multichain synthetic polypeptide. 
The attachment of the uridine-5'-carboxylic acid residues not oidy changed ex- 
tensively the specificity of an antigenic synthetic polypeptide (Fig. G), but also 
converted the nonantigenic ls multichain poly-oL-alauine into an immunogen (Fig. 
2), with specificity due mostly to uridine. While some anti-poly-Dt,-alanine was 
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Fig. 7.— Inhibition curves of the homologous reaction of the system (U f pTyr)-pAla — pLys and its 
antiserum by: O, uridine; d ( thymidine (antigen cone. 40 ng/m\ serum). 



formed, the antibodies in the equivalence zone (ca. 120 tig/ ml serum) consisted 
almost entirely of antiuridine, as apparent from inhibition studies (Fig. 3). 

The antigenic specificity of U-pAla — pLys is due to the nucleoside unit as a 
whole, since uracil and/or ribose did not inhibit the homologous reaction, while 
uridine and uridylic acid were efficient inhibitors. The inhibition with thymidine 
demonstrates that neither the methyl group in position 5 of the pyrimidine ring 
nor the hydroxyl in position 2 of the ribose are of paramount importance in defining 
the combining sites of the antibodies formed. The lack of inhibition by the purine 
nucleosides stresses the role of the pyrimidine ring in the specificity. Nucleoside- 
5'-carboxylic acids inhibited efficiently both the uridine-specific homologous 
system and the egg albumin-antiegg albumin system. This is in agreement with a 
' previous report 26 that heterocyclic carboxylic acids inhibit precipitin reactions. 
The specificity toward uridine of the antibodies obtained is also apparent from 
the cross-precipitation with polyuridylic acid, but not with polyadenylic acid. 
In order to obtain precipitin reactions, RNase activity of the sera 24 had to be 
neutralized with antibodies against the enzyme. By this technique the reaction 
of heat- matured E. coli RNA, but not of native RNA, with antibodies toward 
uridine could also be demonstrated (Fig. 5). The lack of interaction of antibodies 
to purinoyl and uracil conjugates of proteins with RNA 17, 18 may thus have been 
due to the presence of RNase in the sera tested. In studies of antiribo§r.ral 
antibodies, Barbu and Dandeu 27 have used bentonite to remove RNase from the 
sera. The cross-precipitations, reported here, with RNA and polyuridylic acid 
may be incomplete, as it is possible that not all RNase activity was removed from 
the sera tested. 

Even though DNA does not contain uridine, a single-stranded calf thymus DNA 
preparation (but not the double-stranded DNA) cross-precipitated with the test 
antiserum, probably because of its thymidine content. This observation is similar 
to the report of cross-reaction of antibodies against a uracil-protein conjugate with 
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single-stranded DNA. 18 The lack of reactivity of double-stranded DNA with the 
antiuridine sera is in agreement with previous reports 9 - l7, 18 of the preferential 
reactivity of antisera specific toward nucleic acid or their components, with single- 
stranded rather than double-stranded DNA. Apparently, the antigenic determinants 
are not available in the highly ordered structures of double-stranded DNA or the 
high molecular weight E. coli RNA, 28 for the reaction with nucleoside-specific 
antibodies. While the heat-clenaturation of E. coli RNA is a reversible phenom- 
enon, 28 the cross-reaction with the antiuridine serum suggests that the renaturation 
upon quick cooling is not complete. On the other hand, it was reported recently 
that polyuridylic acid, which cross-reacted with antiuridine, is a randomly coiled 
polynucleotide.- 9 

The induction with fully synthetic antigens of biosynthesis of antibodies specific 
toward uridine permits a systematic investigation of the role of various molecular 
parameters in the immunogenicity and antigenic specificity of nucleoside-contaitiing 
synthetic macromolecules. Preliminary results indicate that antibodies with 
specificity toward thymidine were obtained upon injection into rabbits of T- 
pAla — pLys, and the synthesis and immunochemical characterization of other 
potential nucleoside-specific immunogens is in progress. The availability of anti- 
bodies with specificity toward nucleosides and nucleotides should be helpful in 
investigations of the manifold chemical, physical, and biological properties of 
nucleic acids. . 

Summary. — Completely synthetic antigens obtained by the chemical binding of 
uridine-5'-carboxylic acid to synthetic multichain polypeptides have elicited, in 
rabbits, antibodies with specificity toward uridine, as apparent from cross-pre- 
cipitation and inhibition reactions. The attachment of the uridine derivative to a 
nonantigenic macromolecule converted it into an immunogen. The antibodies 
formed reacted with, polyuridylic acid, heat-denatured RNA and DNA, but not 
with polyadenylic acid, native E. coli RNA, or double-stranded calf thymus DNA. 

* This investigation was supported in part by the USPHS research grant AI-04715 from the 
National Institute of Allergy and Infectious Diseases, National Institutes of Health. 
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SUMMARY 



obtains i^^l^^Z:^^ ^""^ t0WardS RNA ™ 

bound covalentlv ei "er to bovL ^7^°^ °* RNA 

of a water-soluble carhooWe RaSot^ ^ \° * UtSgm * m6anS 

on a column of anti -tRN A ^phLse w d T f*? WM "t^ 13 W^ally 

i^pnarose and displaced with. unlabeled tRNA. 

INTRODUCTION 



Antibodies *hich react with nucleic acids have been produced experimentally 
by immunization with ruptured bacteriophage, ribosomes. bases and derivatives 
chemically coupled to proteins or multichain polypeptides as well as with electro- 
de complexes between methylated bovine serum albumin (MBS A) and DNA or 
synthetic polynucleotide, (1.2). The production of antibodies to transfer RNA following 
the immunization of one rabbit with yeast tRNA in complete Freund's adjuvant was 
reported by BigUy et^. (3 ). However. Hernandez etal. demonstrated that antibodies 
produced in rabbits immunized with yeast tRNA were directed only to the contaminant 
ougonucleotides present in the tRNA preparation (4). Plescia et_al. immunized rabbit, 
with a complex of tRNA and MBSA (5). The antibodies obtained reacted with tRNA from 
various species, as followed by complement fixation. 

In order to elucidate the role of tRNA conformation in its antigenic specificity 
*a were interested in obtaining precipitating anti-tRNA antibodies. The present report 
escrxbes the preparation of conjugates of tRNA oovalently bound to a protein or to a 
Polypeptide by using a water-soluble carbodiimide reagent. Rabbits and a goat were 
immured with such conjugates. For comparison, rabbits were also immunized with 
^complex of tRNA and MBSA as well as with tRNA alone. Specific precipitating, anti- 
o ies to tRNA were obtained only upon immunization with covalently bound tRNA 
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' MATERIALS AND METHODS 
Yeast tRNA (Eoehringer. Mannheim) was extensively dialyzed and chromato 
graphed on a Sephadex G-25 column to free the preparation of oligonucleotide conta, 
nants. E^li tRNA .and jLcoli- 32 P-tl W A were a gift from Dr. V. Daniel. 

Pr^ aration of tRNA cnni n^ - Bovine serum albumin (BSA) (crystallize 
Armour) in 0.1M sodium acetate, P H 5.5, was treated with 0.15M iodoacetic acid to 
inactivate any residual ribonuclease activity (6.) . The preparation was dialyzed aga 
water and lyophilized. Twenty mg BSA were dissolved in 2 ml of 0.05 M Tris-HCl I 
V PH 7.S. To this solution, yeast tRNA (50 mg) in 2 ml of Tris-HCl buffer. P H 7.5 W: 
added, and the mixture was adjusted to P H 7.5 with 0.1 N NaOH. Forty mg of l-ethyi 
(3-dimethylamino P ro Py l)-carbodiimideHCl (EDCI) (Ott, Muskegon) in 1.0 ml water, 
added, and the reaction mixture was incubated at room temperature for 18 hours. • 
solution was then chromatographed on a Sephadex G-200 column (75x2 cm) equilibra 
with 0.01 M Tris-HCl buffer. pH 7.5. The peak elated at the void voLume was eollec 
and lyophilized. Protein was determined according to Lowry et_al. (7) . and tRNA fx 
optical density at 260 and 280 nm. LENA was also conjugated to the synthetic ant ige 
polyfGlu, Tyr)-pol y D = LAla-polyLys (abbreviated as (T, G)-A-L), following th« same 
procedure as described above for the preparation of the tRNA -BSA conjugate. The 
preparation of (T, G)-A--L used in this study had an average molecular weight of 130 
and a residue molar ratio of L-Lys : L-Tyr : L-Glu : DL-AIa, 1 : 0.9 : 1.8 : 17.2. A co 
of tRNA with MBSA was prepared according to Pleaia et_al. (5). 

Immunological nnd chemical p roofs - Several rabbits and a goat W ere 
immunized each with 2 mg antigen emulsified in complete Freund's adjuvant intrader 
ally in multiple sites. The animals were injected 10 days later and bled at weekly 
intervals following the second immunization. Immune precipitation -and inhibition of 
precipitation were done as described previously (8) . tRNA, . the conjugate tRNA-(T, 
A-L and gamma globulin (prepared by precipitation with ammonium sulfate at 40% 
saturation) were coupled to Sepharose (.0, 10) as follows: 5.0 g (net weight) of washed 
Sepharose 4B (Pharmacia.. Uppsala) were suspended in 15 ml water and 0.5 g CNBr 
(Eastman Kodak) was added. The P H of the suspension was adjusted to 11.0, and w« 
kept « this value for a-10 minutes by the addition of 2 N NaOH. The reaction was 
terminated by filtration and washing several times with cold water. The activated 
Sepharose was washed with 0.1 M NaHCO,. Thirty mg of tRNA, tRNA-(T, G)-A-L 
or rabbit gamma globulin were dissolved in 5 ml of 0.1 M NaHCC,. and to each soluti 
I S of the activated Seohnros* wa« nrtrU.,} Af ^„ 1c v , ,o ... 
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: pension, were Mtered and washed 3everd times ^ ^ m r 

jug atedSepharose was then e q uil ibratedwith0<14M a J" 
nH 7 4 (PBS) Frnm ., t 1 Naol-O.Ol.M phosphate buffer, 

pH 7.* (i^b;. From the absorbance of the material w , : 
c u„c= •* ■ ' material before and after the coupling- to 

Sepharose, it was estimated that 90°/ of th» „ , 

and t*NA-(T C) -a r ' Md 50 ''« ° f tENA 

and *NA (T, 0) A L were cogently bound to the Sepharose. The Sepharose con- 
jugates were packed in Pasteur pipettes and were used ,, • , 

ana were used as immune adsorbent columns. 

RESULTS AND DISCUSSION 
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experiments when preparations of either BSA or m v * 

„ * »ca , WSre treated with Er >C* alone 

Both USA and tRNA elut* in b,*. • r , 

A eiule 111 the region of the second neak ™„ 
V • • m. , a <-cona peak. The presence of tRNA and 

protein in the high molecular weight material in the first 

. ,., . . m cne tirst P eak was apparent both 'from 

the high absorbance at 260 nm anrf hv, m„ 

nm and by the positive Lowry reaction. When this material 
was treated with bovine nan^o.r , «i«u.enai 

G >00 c 1 f ^ucleaseand rechromatographed on a Sephadex 

' ° C ° 1Vmin ^ ^ - only the second p eak was obtained 

Similar chromatograms were obtained with the tRNA-(T. G)-A-L. 




E/Muenr (ml) 



150 



200 



un 

buffer, P H 7.5 



Wf*« „ „ ^tumn ubx' cm). Elution with 0.01 M Tris-HCl 
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Coupling of fflKA to a protein probably takes ^ ^ , 

group of tRNA and the free amino grouos ft r ft. , ■ P 
rorTf ffc lino ^oups of the protein. Halloran and Parker (11, 

EDCI for the coupling of mononucleotides to BSA *nH h > 
■ of the protein react 3 with the 5- phosoh ^ ^ ' 

. 5 Ph ° SPhate of ^ nucleotide to form . P . N bo , 

Both adenosine and adenine reacted poor* .de, the usual conditions of coupiing 

oZ v : rr::: the compiex of mNA and mbsa - ~ * — 

anfh „■ « immUniZed WUh the fflNA "«A conjure 

-ood.es (0 . 2 mg/mI serum) precipiLa[ed ^ ^ tHNA-(T G)-A l 

conjugate. Likewise, a goat that was immunized with tR.NA-(T C) A r\ 
-e ; that precipitated w lth the tRNA-BSA jugate. 

Precipitate could be cornpietely inhibited witfa fflNA ' * 




50 100 150 200 

Antigen added l^g/ml serum) 

IlS^ Precipitin reaction with tBNA-(T, GJ-A--L ffiNA (T n a t 
was added to: 0 , rabbit anU-tRN^-BSA • r,hh> * L 

The amount of the antibodies in he irn^f, ' rabbU norrnal 
from the abaorbance ^280 nm ^ T , precipitatc was determined 
structing the ca^lZZZV^^ ^ «*' 



Tabie I summarizes the precipitating capacity of the various antisera prepare 

: :: r A ~ BSA cfmjufcrate> the — - ^ t es j w , 

Zi;r S> NO ° e " *" *~ «~ * ~ te tRNA aione. Ant, 

" maIS WUh tRNA -MBS A compiex or tRNA aioae failed to pre 

pitate with tHNA-BSA or tRNA-fT n 4 t 

rabbit ,nr conjueataa. On the other hand, both the 

rabbu anUsera a ga i nst tRNA-BSA and the coat antiserum m „ inmf _ _ 
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Table I 

Precipitation of antiser; to tRNA with various antigens 



Testing antigen 



Immunogen 


BSA 


tRNA 


tRNA-BSA 


tRNA-(T, G) -A — L 






(precipitating 


antibodies 




tRNA-BSA 


4/4 


0/4 


4/4 






4/4 


tBNA-{T,G)-A— L b 


0/1 


0/1 


1/1 






1/1 


tRNA and MBS A 


2/4 


0/4 


2/4 






0/4 


tRNA 


0/4 


0/4 


0/4 






0/4 


BSA 


4/4 


0/4 


4/4 






0/4 


(T,G)-A~L 


0/2 


0/2 


0/2 






2/2 



Expressed as the ratio of animals producing precipitating antibodies to the total 
number of animals. 

b This conjugate was used to immunize a goat. All the others were injected into 
rabbits. 



precipitating anti-tRNA antibodies. Thus, precipitating antibodies to tRNA could be 
obtained only following immunization with tRNA covalently bound to a protein or a 
synthetic polypeptide. 

Antibodies against tflNA could be selectively absorbed from the antisera with 
tRNA-Sepharose or tRNA-(T, G)-A~L-Sepharose. This absorption could be applied for. 
the preparation of purified antibodies to tRNA. ' 

Specific antibodies to tRNA can be demonstrated by the binding of 32 P-tRNA to 
antibody -Sephardse columns. These columns were prepared by coupling co Sepharose 
the gamma globulin fraction from the different antisera. As a control the gamma 
globulin fraction from an unrelated anti-ly SOZ yme serum was similarly coupled. The 
antibody -Sepharose columns prepared from antisera to tRNA-BSA were able to bind 

P-tHNA (Fig. 3), whereas columns prepared from the other sera did not bind any "P-tRl 
and behaved like the control anti-lysozyme-Sepharose column. About 20% of the 33 P-tRN 
applied was retained on the anti-cRNA-BSA-Sepharose column. This labelled tRNA coulc 
specifically displaced by unlabeled tRNA, as is shown in Fig. 3. The displaced 
P-tRNA was found to precipitate with 5% trichloroacetic acid, suggesting that the bound 
Material was free of small oligonucleotides. 

The results reported here demonstrate chat antibodies to tRNA may be obtained 
"Pon immunization with covalently bound tRNA coniu Ra tes. We could not demonstrate ■ 



Vol. 41, No. 5, 1970 




0 2 4 6 6 20 22 24 26 

Effluent (mil 



Fig. 3: Binding of 32 P-tRNA ( E. coli) to specific antibodies coupled to 
Sepharose. a2 P-tRNA solution (40, 000 cprn) was added to antibody- 
Sepharose columns (3x0.3 cm) prepared as described in the text, arid 
left for 15 minutes at room temperature. The. columns were then washed 
with PBS until no further radioactive material came through. The 
collected effluents were counted for radioactivity. A solution of unlabel!* 
E. coli tRNA (100 ^g/inl) was then added to the column and the displaced 
radioactive 22 P-tRNA was collected and counted. . • ( antibody-Sepharose 
column prepared with gamma globulin from antiserum to tRNA-BSA; 
O , antibody-Sepharose columns prepared with gamma globulin from anti 
serum, to tRNA, a complex of tRNA and MBSA and hen egg-white lysozym 



the presence of antibodies to tRNA following immunisation with either _tRNA alor 
electrostatic complex of tRNA and MBSA. 

The conjugation of tRNA to a carrier with EDCI, which probably takes pi 
through one phosphate residue of tRNA and the amino groups of the carrier^has 
advantage that the conjugate may keep the tRNA in its native conformation. (In 
amino acid charging experiments with the conjugates show that the covalently b<: 
is at least as active as free tRNA). Therefore, the production of specific antit 
tRNA by such conjugates may be useful in structural studies of tRNA. Thus, a 
to tRNA may be directed against different antigenic determinants derived from 
regions, as well as conformational areas of the molecule. Some of the antiboc 
produced may recognise even unique nucleotide residues. Indeed. anti-tRNA i 
could inactivate ino sine -bacteriophage T4 (12). 
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patentably distinct thereover. Furthermore, Applicants do not believe, and do not 
submit, by the citation of these references, that these documents, either by 
themselves or in combination with other documents, render the invention prima 
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ANALYTICAL BIOCHEMISTRY 127, 81-88 (1982) 



Fluorescent Nucleotide Triphosphate Substrates for 
Snake Venom Phosphodiesterase 1 

Stuart E. Pollack 2 and David S. Auld 3 

Received May 17, 1982 

fnM TKa i,- 6 " told whlle for Purines it quenches it I ">- to 1 a 

interfere with bindingl J The Amphoric group does not 

onstrate that most of the Tutetrateltri t Mti ° a StUdieS that de *> 

moiety. The subs^ bi^^TS^t ^ H "» 0 «*««*-'« 
rapidly. Values of ^ range fL^OO to 6^) T a " 8 £ 8 0 ^c"? ^ 



Fluorescent W-dansylated peptides have 
been very useful for mechanistic studies of 
proteolytic enzymes (1, and references 
therein). The introduction of the dansyl fluo- 
rophore into peptides which have a C-ter- 
minai tryptophanyl residue leads to intra- 
molecular radiationless energy transfer be- 
tween the donor tryptophan and the acceptor 
dansyl group, resulting in nearly complete 
quenching of tryptophan fluorescence On 
cleavage of the bond adjacent to the C-ter- 
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«»8 trora the National Institutes of Health of the 
department of Health, Education and Welfare to Har- 
»ard Medical School. 

'National Institutes of Health Fellow supported by 
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minus by carboxypeptidase A there is a 100- 
fold increase in tryptophan fluorescence 
which provides a direct and rapid initial rate 
assay for the enzyme (2). 

Measurement of intermolecular radiation- 
less energy transfer (RET) 4 between carboxy- 
peptidase tryptophanyl residues and the dan- 
syl group in the substrate by stopped-flow 
fluorescence allows direct observation of the 
ES complex (3). We have applied this ap- 
proach to a wide variety of proteolytic en- 
zymes and a detailed theoretical description 
of the RET kinetic analysis at both steady 

4 Abbreviations used: 1,5-ANS, 1-aminonaphthaiene- 
5-sulfonate (the nomenclature chosen is that suggested 
by Weber (8j); NTP, NDP, and NMP, nucleotide 
tn-, di-, and monophosphates, respectively; TEA trieth- 
ylammonium bicarbonate; EDC, l-ethyl-3-(3-dimeth- 
y!aminopropyl)carbodiimide; dansyl, 5-dimethyl-ami- 
nonaphthalene-l-sulfonyl; RET, radiationless energy 
transfer; ES complex, enzyme-substrate complex. 
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POLLACK AND AULD 




{ 1.5-ANS ) 



Base * A, C, G. T, U ano x< oh, h 

Fig. I. Structure of the nucleotide triphosphate an- 
alogs. The arrow shows the point of cleavage by snake 
venom phosphodiesterase. 

state and pre-steady state has been presented 
(1,4,5). The RET kinetic approach can be 
applied to any enzyme whose substrate can 
be labeled with a suitable fluorophore, pro- 
viding the probe does not drastically affect 
binding or catalysis. The application of these 
fluorescent techniques to nucleic acid me- 
tabolizing enzymes would be of great value 
since they are usually assayed by tedious ra- 
dioactive means. 

Snake venom phosphodiesterase, which 
catalyzes the hydrolysis of an a-/? phospho- 
diester bond of nucleotide triphosphates, was 
chosen for the initial studies. This enzyme 
has mechanistic features similar to those of 
RNA and DNA polymerases in that it for- 
mally transfers a nucleotide monosphos- 
phate group to water while the polymerases 
which also act at the «-/3 phosphodiester 
bond of nucleotide triphosphates transfer the 
nucleotide monophosphate group to a grow- 
ing polynucleotide chain. In addition snake 
venom phosphodiesterase from C. adaman- 
tus like all known RNA and DNA polymer- 
ases (6,7) is a zinc metalloenzyme (Pollack 
and Auld, in preparation). 

We report herein the synthesis of fluores- 
cent 1 -aminonapthalene-5-sulfonic acid ( 1 ,5- 
ANS) derivatives of nucleotide triphosphates 
(Fig. 1) and the design of a fluorescent assay 
for their hydrolysis by snake venom phos- 
phodiesterase. A preliminary account of this 
work has been presented (9). 

MATERIAL AND METHODS 

Snake venom phosphodiesterase was ob- 
tained as a lyophilized powder from Wor- 



thington Biochemical Corporation. It had • 
been prepared by the procedure of Williams 
et al (10) and treated to inactivate 5',nu- v 
cleotidase activity by incubation at 37°C, pH :: 
3.6, for 3 h (11). The enzyme was further. f 
purified by blue Sepharose chromatography t 
(Pollack and Auld, in preparation). f 

All nucleotide triphosphates and Tris were t 
purchased from Sigma Chemical Company, I 
Protein concentration was determined by the ? 
Bio-Rad assay procedure. Measurements were : 
made in triplicate and average values were 
used. Protein assay reagent and protein stan- i 
dard bovine plasma 7-globulin were obtained - 
from Bio-Rad Laboratories. A 

Absorption and fluorescent spectra were J 
recorded on a Cary 219 and a Perkin-Elmer 'I 
MPF-2A spectrophotometer, respectively. ; ; 
Fluorescent spectra were always obtained on 
samples that had an absorbance of 0. 1 or less t 
to prevent significant inner filter effects; Peak ' 
areas were computed using a Hewlett-Pack- \ 
ard Model 98 10A calculator, or an Apple II + i 
microcomputer. pH was measured with a f 
Markson model 90 pH meter and conduc- f 
tivity with a Radiometer conductivity meter. I 
High-performance liquid chromatography f 
was done using an ALC 200 chromatograph ¥ 
(Waters Associates, Milfbrd, Mass.) equipped - 
with a Model 660 solvent programmer and f k 
a Model 440 absorbance detector, which '1} 
measured OD at 254 nm. An analytical (30 
X 3.9 mm) C l8 /xBondapak column (Waters l| 
Associates) was used for nucleotide separa- 
tion. . • 

Synthesis of fluorescent nucleotides. 5 The ;< 
1,5-ANS (ICN Laboratories) was recrystal- " s -| 
lized from a 10% ethanol-water mixture -w 
which was treated with activated charcoal - : 1 
(Norite) and filtered through Hyflo Super Cel " 
(Fisher Scientific) to remove the charcoal. In : 
a typical reaction, the sodium salt of a nu- ;| 
cleotide triphosphate, NTP, 120 mg, is added j 

i 

. 5 7-Substituted ATP derivatives have also been pre- ■ [ 
pared under nonaqueous conditions (28). The acid-cat- * 
alyzed activation of ATP with DCC results in the for- | 
mation of adenosine 5'-trimetaphosphate which upon 1 
addition of an amine yields the 7-substituted ATP de- [ 
rivative. : : \ 
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t o 19 ml of water at 20 ± 2°C and the pH 
is adjusted to 6.0. l-Ethyl-3(3-dimethylami- 
nopropyl)carbodiimide, EDC (500 mg, Sigma 
Chemical Co.) is then added over 3 min and 
the pH is kept in the range 5.6 to 5.9 with 
the addition of small aliquots of 0.4 n HC1. 
After 10 min, 3.4 ml of a 0.6 M 1,5-ANS 
solution at pH 6.5 was added. The reaction 
mixture is allowed to stand for 18 h at room 
temperature and is then diluted with distilled 
H 2 0 until the ionic strength is equal to that 
of 0.09 M TEA buffer and applied to a DEAE- 
cellulose (Whatman) column ( 1 .5 X 16.0 cm) 
equilibrated with 0.09 M TEA buffer, pH 7.5, 
and eluted stepwise with increasing TEA 
buffer concentrations. The 0.09 M TEA buffer 
elutes unreacted 1,5-ANS. A 0.16 m TEA 
elution removes the unreacted NTP and a 
side product, which has the same physical 
properties as the 1,5-ANS-NTP except re- 
tention time on the HPLC column. The 0.28 
M TEA buffer elutes the 1 ,5-ANS-NTP prod- 
uct. Purity of the preparations is assessed by 
HPLC. The fractions containing product art 
pooled and lyophilized. The solid is redis- 
solved in a small amount of water and again 
lyophilized, as necessary to remove excess 
TEA buffer. Yields of 55-65% are obtained. 

Enzyme assays. Snake venom phospho- 
diesterase is assayed in 50 mM Tris, pH 8.0, 
containing 15 mM MgCl 2 at 20°C. Enzy- 
matic activity is measured by observing the 
change in fluorescence above 410 nra which 
occurs upon hydrolysis of 1,5-ANS-NTP. 
Excitation of the substrate is at 320 nm. Ki- 
netic parameters ■ were determined . from 
Lineweaver-Burk or Woolf plots, keeping 
the substrate concentration within the ran°e 
10 to 0.1 K m . 

Stopped-flow fluorescence measurements 
were made on a stopped-flow instrument 
equipped with quartz fiber optics, a Schoeffel 
monochromator, a 200-W Xenon lamp, and 
a low noise/high sensitivity detector system 
comprised of a 9526B trilkyl (S13) photo- 
multipher and a Sorenson high- voltage power 
^pply (12). The time course of the fluores- 
cence changes were stored digitally on floppy 
dl sks (Memorex) using a DEC PDP 11/34 



computer, equipped with an ARl 1 A/D con 
verier and a VT-55 Decscope, and a Decwri- 
ter III printer. Equal volumes (0.2 ml) of 
nanomolar enzyme and micromolar sub- 
strate solutions were mixed for each progress 
curve or initial rate analysis. The complete 
conversion of substrate to product for each 
experiment was recorded as 1000 data points 
at equal time intervals for progress curve 
analysis. Parameters in an integrated Mi- 
chaelis-Menten treatment of the data were 
routinely computed by unweighted nonlin- 
ear regression analysis with data points typ- 
ically beginning at 10% of reaction and in all 
cases extending to 90% of reaction. The time 
course of the reaction that is predicted from 
the calculated Michaelis-Menten parameters 
is superimposed on the observed data on the 
VT-55 screen for visual inspection and the 
values of K mM and K m and their associated 
error analysis are automatically recorded on 
a floppy disk. 

Initial rate measurements were deter- 
mined from at least 300 data points, collected 
over the first 10% of the reaction. First-order 
rate constants were obtained by linear regres- 
sion of -logtF* - F t ) versus time. The first- 
order plot was examined and the results were, 
stored as described above. Each data point 
on a kinetic plot is the average of two to four 
determinations. 

RESULTS 



The coupling of 1,5-ANS to NTP was op- 
timized by measuring the extent, of coupling 
as a function of the concentration of reac- 
tants, pH, temperature, and time of mixing. 
Aliquots of the reaction mixture were in- 
jected onto an analytical C l8 ^Bondapak 
HPLC column. Isocratic elution with 25 mM 
ammonium phosphate buffer, pH 8.0, al- 
lowed the reactants, e.g., ATP and 1,5-ANS, 
and the products 1,5-ANS-ATP, ADP, and 
AMP to be separated at a pressure of 550 psi 
(Table 1). The results for TTP are given for 
comparison. The rate and extent of the cou- 
pling reaction can be measured by monitor- 
ing the HPLC elution profile as a function 
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TABLE 1 

HPLC Retention Time of Reaction Mixture 
Components and Nucleotides' 1 



Retention time 



Compound (min) 



1,5-ANS-ATP (1,5-ANS-TTP) 3.97 (3.76) 

1,5-ANS 9.39 

ATP (TTP) 4.40 (4.35) 

ADP (TDP) 4.80 (4.63) 

AMP (TMP) 4.98 (5.47) 



a lsocratic elution with 25 mM ammonium phosphate, 
pH 8.0, at a flow rate of 0.8 ml/min (550 psi) on a C, 8 
jxBondapak column. 



of time. A decrease occurs in the ATP peak 
with a concomitant increase of the product 
1,5-ANS-ATP peak. It was also possible to 
collect sufficient amounts of products from 
HPLC for measurement of their absorption 
and fluorescence spectra. The fractions eluted 
from the DEAE* cellulose column could thus 
be identified by their HPLC retention timts 
as well as their absorption and fluorescence 
spectra. Using molar absorptivities of 6100 
at 330 nm for 1,5-ANS (8) and 15,400 'for 
ATP at 260 nm (13), the absorption spectra 
of 1,5-ANS-ATP indicated a 1:1 stoichi- 
ometry for the two constituents. 

Hydrolysis of 1,5-ANS-ATP by snake 
venom phosphodiesterase was followed as a 
function of time. Aliquots of the hydrolysis 
mixture were passed through Millipore filters 
(0.6 mm) to remove enzyme and then in- 
jected onto the ^Bondapak column. The 1,5- 
ANS-ATP peak decreased concomitantly 
with an increase in the AMP and 1,5-ANS- 
pyrophosphate peaks. No intermediate ADP 
nor any ATP was ever seen in these hydro- 
lysis mixtures. Hence, the point of enzymatic 
cleavage is between the a-j8 phosphoryl bond 
of the NTP (Fig. 1). 

Excitation of the purines 1,5-ANS-ATP, 
1,5-ANS-dGTP, 1,5-ANS-GTP and the py- 
nmidines 1,5-ANS-dCTP, 1,5-ANS-CTP, 
1,5-ANS-UTP, and 1,5-ANS-TTP at 320 
nm leads to emission of maximum fluores- 



cence at approximately 444 nm under assay 
conditions of 0.015 M MgCl 2 , 0.05 M Tris 
pH 8.0 at 25°C. Cleavage of the a-j8 phos- 
phoryl bond shifts the fluorescence maxi- 
mum to 456 nm and enhances fluorescence 
above 350 nm 2- to 6- fold for pyrimidines 
but quenches fluorescence 1 .2- to 1 .4-fold for 
purines. These spectral differences are shown 
in Fig. 2 for 1,5-ANS-dGTP, 1,5-ANS- 
dTTP, and their hydrolysis product 1,5-ANS- 
pyrophosphate. The different fluorescence 
properties of 1,5-ANS-pyrophosphate and 
1,5-ANS-NTP can be used to design a 
steady-state assay. 

The useful pH range of this fluorescent 
assay was investigated by measuring the total 
fluorescence above 350 nm for 1,5-ANS- 
TTP and its hydrolysis products 1,5-ANS-.. 
pyrophosphate and TMP at different pH val- 
ues (Table 2). The large increase in fluores- 
cence observed over the entire pH range in- 
dicates it should form the basis of a useful 
assay for any enzyme acting on the a-j8 phos- 
phoryl bond and having a pH optimum be- 
tween 4 and 10. 

The increase in fluorescence on hydrolysis 
of the pyrimidine substrate 1,5-ANS-TTP, 
4 juM, catalyzed by snake venom phospho- 
diesterase, 2.2 X 10" 8 M, is shown in Fig. 3. 
Since the data can be collected over different 




400 500 600 

X, nM 



Fig. 2. Fluorescence spectra of 1,5-ANS-TTP (lowest 
curve), 1,5-ANS-dGTP (highest curve), and 1,5-ANS- 
pyrophosphate (middle curve). Catalytic amounts of 
snake venom phosphodiesterase, in 0.01 5 M MgCl 3 , 0.05 
m Tris, pH 8.0, were used to generate the 1,5-ANS- 
pyrophosphate derivative. Excitation is at 320 nm and 
emission is observed using a 350-nm cutoff filter. 
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Venom Phosphodiesterase at Different pH's* 
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pH 


W 


4.00 


5.7 


4.55 


4.9 


5.10 


5.4 


5.50 


6.2 


6.10 


6.3 


7.00 


6.3 


8.00 


5.4 


9.00 


4.9 


10.00 


2.7 




a Excitation is at 320 nm using a 350-nm cutoff filter. 
The fluorescence of 2 X I0" 6 m 1,5-ANS-TTP, F t , or i- 



5-ANS pyrophosphate, 
MgC 2 , 0.05 m Tris 



F p , is measured in 0.015 M 



time ranges and digitally stored, several 
hundred points are available for both initial 
rate and progress curve analysis. For the ex- 
ample shown, 500 data points were collected 
over two consecutive time intervals of 0.8 
and 13 s. (Fig. 3). The first time interval is 
used for initial rate measurements while both 
time intervals can be used for progress curve 
analysis. Measurement of initial rates of 1,5- 
ANS-TTP hydrolysis yields a value of 36.9 
mm for K m and 590 s' 1 for £ cat , calculated 
from a Lineweaver-Burk plot (14) (Fig. 4). 

The time course of the reaction at each 
substrate concentration was also analyzed 
with an integrated Michaelis-Menten equa- 
tion, which takes into account competitive 
product inhibition by NMP, 

1 —(i~KJK p ) 



TIME 

Fig. 3. Stopped-flow fluorescence observation of the 
hydrolysis of 1,5-ANS-TTP, 4 m m, by purified snake 
.venom phosphodiesterase, 2.2 X 10" 8 m, in 0.015 m 
MgCl 2 , 0.05 M Tris, pH 8.0, at 20°C. Excitation is at 
320 nm, and emission is observed with a 410-nm cutoff 
filter. Five hundred data points are collected for both 
the 0.8- and 13-s time intervals during which hydrolysis 
occurs. 



MS/S t ). The kinetic constants K m , A- cal , and 
K p cannot be determined from a single 
straight line, but they can be found readily 
from a series of experiments with different 
£ values. Jennings and Niemann (15) have 
pointed out that Eq. [1] is of the form 
S S 

(1 - KJK P ) 



K, 



+ ~(l+S/K p ). [2] 



max 



Equation [2] can be further simplified to that 
of a Woolf plot (16), 

ErS/V=(S + K m )/k cal , [ 3 ] 

by multiplying the slope, V mM (\ - KJK P ), 



HS/S,) 



S-S, 



+ 



(1 + S/KJ, 



[1] 



where 3" is the initial substrate concentration 
and that at time t is S t . 

The slope and intercept of this equa- 
tion are obtained from unweighted nonlin- 
ear regression of t/ln(S/S t ) versus (S - S,)/ 




Fig. 4. Initial rate determination of* the kinetic pa- 
rameters K,„ and k cl , for the hydrolysis of 1,5-ANS-TTP 
by snake venom phosphodiesterase in 0.015 m MgCl, 
0.05 m Tris, pH 8.0, at 20°C. 
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Fig. 5. Determination of the kinetic parameters K m 
and fc cat for the hydrolysis of 1,5-ANS-TTP by progress 
curve analysis (see Eqs. [l]-[3]). 

by the substrate concentration, and adding 
it to the intercept KJV maK (l + S/KJ, where 

This mathematical method is equivalent 
to an extrapolation to the initial part of the 
reaction to time r= 0, where no inhibition 
by product can occur. Hence, terms in K p 
drop out of Eq. [2] to yield Eq. [3]. These 
S/ V points when plotted as a Woolf plot ver- 
sus S allow one to solve for the true values 
of K m and A: cat . Hydrolysis of 1,5-ANS-TTP 
by purified snake venom phosphodiesterase 
yields a K m of 30.3 /xM and a A: cat of 500 s" 1 
(Fig, 5). The parameters agree well with those 
determined by initial rate measurements (see 
below). 

The inhibitor constant K ? for the product 
TMP, obtained from a plot of the intercepts 
of Eq. [1], (KJk cat )(\ + S/K p ) versus initial 
substrate concentration, is 38 /xM (Fig. 6). 
This value agrees favorably with that of 24 
mm obtained by addition of TMP to the assay. 

The kinetic parameters, K mf k cat , and K 9 
for a number of ribo- and deoxypurine and 
pyrimidine analogs are given in Table 3. The 
commercial preparation of the enzyme was 
used for these studies. 

DISCUSSION 

Snake venom phosphodiesterase is a single 
polypeptide with a molecular weight of 
115,000-120,000 as judged by sodium do- 
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decyl sulfate-polyacrylamide gel electroph^ ■ 
resis (17,18). It requires 15 mM magnesiur^: 
ions to show optimal activity, and has a ' 1 
broad pH-activity optimum (19). The en 1 i 
zyme is capable of hydrolyzing both Di^? , 
and RNA (20), removing the 5'-mononuci e J ' 
otide units from a polynucleotide chain 0. 
a stepwise fashion from the end that bears ^ 
a free 3 / -hydroxyl group (19). It is general^ 
assayed by pH-stat titration where the quan^'f 
tity of phosphodiester bonds hydrolyzed ]^\ 
calculated from the amount of alkali cori^l 
sumed (21). The enzyme can also hydrolyzed ' 
di-, tri-, and oliogonucleotides as well. In- 
some of these cases a spectrophotometric as-^ 
say of the hydrolysis of p-nitrophenyl esters* 
of oliogonucleotides (22) or 4-methylumbet' 
liferyl esters of mononucleotides (23) was; 5 
possible. 4 
The fluorescent changes that occur upon- 
«-/? phosphoryl bond cleavage of the 
ANS-NTP nucleotide analogs provide fori 
sensitive, convenient, and rapid steady-state?' 
assay. The speed of the assay performed un-l 
der stopped-flow conditions combined wttK 
computerized data storage and analysis at^ 
lows both quantitative evaluation within sec^ 
onds and if desired the continuous redesign^ 
of experimental strategy: While assays based - 1 . 
upon release of nitrophenolate or 4-meth-j 
ylumbelliferone are of use over a narrow pH;: 
range, the sensitivity of this fluorescent assay:; 




o 1.0 2.0 
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Fic. 6. Determination of the kinetic parameter K 9 for • 
TMP from the hydrolysis of 1,5-ANS-TTP by snake 
venom phosphodiesterase in 0,015 m MgCU, 0.05 M \ 
Tris, pH 8.0, at 20°C. The ordinate, K'Jk^, is obtained j 
from the intercept of Eq. [ 1 ], where K' m is ( I + S/K 9 )K W ' [ 
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TABLE 3 

Kjnhtic Constants for Snake Venom Phosphodiesterase Catalyzed Hydrolysis of 1,5-ANS-NTP 



Nucleotide 



analog 




K m (mm) 


k^JK m (nM- 1 s" 1 ) ■ . 


* P (mm) 


1 5-ANS-dCTP 


630 (630) 


18.8 (21,0) 


33.5 (30.0) 


46.7 


15-ANS-dTTP 


604 (555) 


17.2 (19.2) 


35.1 (28.9) 


20.9 


l' 5 .ANS-dTTP fl 


590 (500) 


36,9 (30.3) 


16.0(16.5) 


37.8 


/5-ANS-ATP 


337 


16.0 


21.1 




iVans-ctp 


198 (142) 


10.9 (10.5) 


18.2 (13.5) 


12.0 


!5-ANS-GTP 


609 (383) 


9.2 (22.1) 


66.2(17.3) 


25.4 


Ij.ANS-UTP 


213 (277) 


4.2 (4.8) 


50.7 (57.7) 


6.1 



Not* Assay conditions, were 0.05 mM Tris t pH 8.0, 0.15 mM MgCl 2 , 20°C is based on an estimated purity 
of 10% for the commercial enzyme and 80% for the blue sepharose purified enzyme as determined by silver-stained 
sodium dodecyl sulfate-gels. The values in parentheses and values for K p are calculated from progress curve analysis. 
All other kinetic constants are determined from initial rate analysis of the first 10% of the reactions. 

a parameters are for blue Sepharose purified enzyme. 
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is not effected over a wide pH range. (Table 
2). It may prove particularly useful for en- 
zymes such as splenic phosphodiesterases 
which have a pH optimum of 5.6 to 5.9 (24). 
. Initial rate measurements at 10% of reaction 
are used to determine K m and A: cat for these 
analogs (Fig. 4). In addition, the integrated 
Michaelis-Menten equation (Eq. 1) can be 
-solved to yield both the kinetic parameters 
; and the value of K p for nucleotide mono- 
phosphate (Figs. 5 and 6). 

These fluorescent nucleotide analogs are 
excellent substrates for snake venom phos- 
phodiesterase. They bind tightly with K„s 
ranging from 5 to 30 jum and are hydrolyzed 
rapidly (Table 3). The UTP analog binds 
about fivefold tighter than the best poly(U) 
substrate that has been made (25), Values of 
for these analogs are estimated to be in 
the range 200 to 600 s' 1 based on a molecular 
weight of 120,000 for the protein. 

As can be further seen from Table 3 the 
4, for 1,5-ANS-TTP and the K 9 for TMP 
differ only slightly from each other and from 
the value of 30 fiM from the extrapolated data 
°f Razzell and Khorana (22) or the value of 
24 mm determined here by addition of TMP 
to the assay. Hence, it seems that the pres- 
ence of the bulky naphthalene group does 
n °t significantly affect the ability of these 



' analogs to bind to snake venom phospho- 
diesterase. These results are in accord with 
the work of Khorana and co-workers (22) 
who concluded that modifications outside of 
the TMP moiety should have only slight ef- ' 
- fects on substrate binding. This further in- 
dicates that future changes in the type of fluo- 
rophore or distance from nucleotide moiety 
should not have a detrimental effect on the 
binding of the substrate to the enzyme. 

This class of fluorescent nucleotides are 
also substrates for nucleotidyl transfering en- 
zymes. The 1,5-ANS-ATP and 1,5-ANS- 
UTP derivatives have been shown to be good 
substrates for the Escherichia coli RNA poly- 
merase, with only slightly increased K m val- 
ues and with K maJt values of 50 to 70% that 
of normal nucleotides (26,27). In addition 
the ATP and UTP analogs are substrates for 
yeast RNA polymerase and the dGTP and 
TTP analogs are substrates for the reverse 
transcriptase from avian myeloblastosis vi- 
rus (9). 

While the fluorescent changes observed 
here upon a-/? phosphoryl bond cleavage 
provides a convenient steady-state assay, it 
hinders their use for examination of ES com- 
plexes by RET. In order to optimally use the 
RET kinetic approach with an energy trans- 
fer relay system consisting of a fluorophore 
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in the substrate molecule and tryptophanyl 
residues of the enzyme, it is necessary that 
the fluorescence of the substrate and product 
fluorophore be the same (5). The purine nu- 
cleotide derivatives which exhibit relatively 
small fluorescence changes may still prove 
useful at enzyme concentrations of 1 to 10 
MM. Such enzyme concentrations will in- 
crease the RET signal, which is proportional 
to the concentration of the enzyme substrate 
complex, above the smaller fluorescence 
change observed as substrate is converted to 
product. However the very rapid turnover of 
the substrate will likely require low-temper- 
ature stopped-flow conditions for such mech- 
anistic studies (12). We are presently puri- 
fying the enzyme to perform such experi- 
ments. In addition we are synthesizing 
nucleotides where there is a greater spacer 
arm between the fluorophore and the 7-phos- 
phorus in the nucleotide in the hope of break- 
ing the 7T conjugation between the nucleotide 
phosphates and the fluorophore. The use of 
these types of substrates for RET kinetics 
should further extend their usefulness in 
mechanistic studies of phosphodiesterases. 

Snake venom phosphodiesterase shares a 
number of mechanistic features in common 
with the nucleotidyl transferases. All of these 
enzymes contain zinc, are activated by man- 
ganese and magnesium, and show a similar 
specificity toward the hydrolysis of an a-f3 
phosphoryl bond. Mechanistic studies of 
phosphodiesterase may therefore be helpful 
in understanding the mechanistic details of 
the hydrolytic step involved in all of these 
enzymes. 
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NH4HCO3). The result was invaria 
single fluorescent spot with the moE 
of the original labeled peptide. 

Our results thus provide a molecular 
weight limit for permeation of the junc- 
tional membrane channels. The per- 
meating molecules were all short, 
simple, water-soluble peptide chains and 
hence were of extended form. Without 
further physical studies of the molecules 
themselves, it is not possible to deter- 
mine from this weight limit a precise 
bore size of the channels. But the ap- 
proximate bore size can be bracketed be- 
tween the sizes of two limiting geome- 
tries of the largest permeant molecule, a 
sphere, representing the largest cross 
section, and a prolate spheroid with a ma- 
jor diameter of 30 A, the upper limit of 
molecular extension. Thus, the effective 
channel diameter lies approximately be- 
tween 14 and 10 A (13). This is in satis- 
fying agreement with a coarser estimate 
of the channel size based on electrical 
measurements. This estimate, based on 
the conductance of a minute junctional 
area (including the conductance com- 
ponent due to electrostatic interaction 
between channels) and the spacing of in- 
tramembranous particles of gap junction 
(widely assumed to contain the chan- 
nels), gave a lower limit of conductance 
of 10"'° mho for the junctional channel 
unit and a lower limit of the channel di- 
ameter of the order of 10 A (14). 
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Department of Physiology and 
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Miami School of Medicine, 
Miami, Florida 33152 
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Defined Dimensional Changes in Enzyme Cofactors: 
Fluorescent "Stretched-Out" Analogs of Adenine Nucleotides 

Abstract. A concept is presented for testing the dimensional restrictions of en- 
zyme-active sites by stretching the substrate or cofactor by known magnitude. These 
restrictions of enzyme-active sites specific for purine cofactors were tested by the 
synthesis and evaluation of \m-benzoadenosine 5 ( -triphosphate , 5' -diphosphate , and 
3' ,5' -monophosphate with respect to enzyme binding and activity. These %x stretched- 
out" (by 2.4 angstroms) versions of the adenine ribonucleotides bind strongly, slow 
the enzymatic rates, and have useful fluorescence properties. 



Laterally extended adenine nucle- 
otides have been designed to examine 
the dimensional restrictions of enzyme- 
active sites specific for purine cofactors. 
One structural modification of this type 
involves the formal insertion of a ben- 
zene ring (actually four carbons) into the 
center of the purine ring system. In this 
way enzyme-binding characteristics at 
the terminal rings are preserved but are 
further separated by 2.4 A while, at the 
same time, the potential for 77 interaction 
is increased. Initiarexperiments' examin- 
ing the substrate activity of /m-ben- 
zoadenosine (la) (/, 2) and /iVi-ben- 
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zoadenine with a range of enzymes (J) 
demonstrated that such defined adjust- 
ments in the molecular periphery can 
help set limitations on the size and flexi- 
bility of the'enzyme binding sites. 

In view of these results it was antici- 
pated that the enzymatic evaluation of 
the Tin- ben zoadenine nucleotides would 
also be informative since many enzymes 
utilize adenine nucleotides as substrates, 
cofactors, or allosteric effectors. In addi- 
tion, it can be foreseen that the concept 
of defined dimensional changes is ap- 
plicable to the construction and study 
of inhibitors. Furthermore, /m-benzo- 
adenosine and its derivatives exhibit sat- 
isfactory fluorescence properties (a quan- 
tum yield of 0.44; a fluorescence lifetime 
of 3.7 nsec), and the nucleotides show 
sensitivity of the fluorophore to environ- 
mental conditions, such as divalent met- 
al ions and stacking. 

///i-Benzoadenosine (la) was convert- 
ed to its 5'-monophosphate derivative 
(lb) by reaction with pyrophosphoryl 
chloride according to the procedure de- 
scribed by Imai et al. (4). The integrity of- 
the 5'-phosphorylation was established 
(i) by observing complete conversion of 
the ///7-benzoadenosine 5'-monophos- 
phate to the nucleoside (la) on incu- 
bation with 5'-nucleotidase (5) and (ii) by 
31 P NMR (nuclear magnetic resonance) 
spectroscopy. 

//n-Benzoadenosine diphosphate , (1c) 
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(1) Morpholine-fi£C 

(2) CF 3 COOHf 

Snake Venom 
Phosphodiesterase 



Fig. 1. Formation (lb ->3) and 
enzymatic hydrolysis. (3 lb). 
The graph shows the ultravio- 
let absorption spectrum on the 
left panel, and the fluores- 
cence emission spectrum on 
right panel. Solid line, before 
hydrolysis; dashed line, after 
hydrolysis. 
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and triphosphate (Id) were prepared 
from ///i-benzoadenosine 5'-monophos- 
phate by the phosphoromorpholidate 
method (6). Essentially quantitative con- 
version of the diphosphate to the triphos- 
phate can be achieved enzymaticaily 
with pyruvate kinase. /m-Benzo- 
adenosine 3',5'-monophosphate (2) was 
synthesized from tin- ben zoade no sine via 
the trichioromethylphosphonate deriva- 
tive (7). The identity and purity of the 
new ///i-benzoadenine nucleotides (lb to 
Id and 2) were established by 3I P NMR 
spectroscopy, high performance liquid 
chromatography, and electrophoresis. 
The structure of the 3' t 5' -mono- 
phosphate was further confirmed by its 
conversion to lb on incubation with 
beef heart 3',5'-nucleotide phosphodi- 
esterase (5), an enzyme that plays 
an important role in regulating intracel- 
lular cyclic adenosine monophosphate 
(cAMP). With this enzyme, the initial 
rate of hydrolysis of ///i -benzoadenosine 
3\5'-monophosphate (at 0.5 mM con- 
centration) was approximately "5 percent 
of tfiat for cyclic AMP. 

To initiate our studies on the biological 
activity of the "stretched-out" nucle- 
otides we have selected a representative 
group of kinases comprising pyruvate ki- 
nase, phosphofructokinase, phosphogly- 
cerate kinase, and hexokinase. These en- 
zymes, which exhibit broad to moderate 
nucleotide specificity, serve as represen- 
tatives for measuring the degree to which 
/'"-benzoadenosine ^'-diphosphate and 
/m-benzoadenosine 5'-triphosphate can 
function in enzyme systems. Conditions 
were selected to give consistent results 
for both adenosine triphosphate (ATP) 
and //tt-benzoadenosine triphosphate and 
adenosine diphosphate (ADP) and lin- 
benzoadenosine diphosphate without 
seeking to achieve those of maximal ac- 
tivity for Id or 1c (8). 

We have found that /m-benzo- 
adenosine diphosphate serves as sub- 
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strate for pyruvate kinase (rabbit 
muscle) with a K m (Michaeiis constant) 
of 0.74 mM compared to 0.30 mM for 
adenosine diphosphate (ADP) and a V max 
equal to 20 percent of that for ADP. 
These data directed the use of the 
coupled assay for phosphofructokinase 
involving pyruvate kinase and lactate de- 
hydrogenase. Proposed binding models 
(9) of pyruvate kinase for nucleotide sub- 
strates and fluorescence polarization 
studies with eADP (JO) indicate that the 
base moiety of the substrate is not strong- 
ly associated with the protein. In view of 
this and the known broad specificity '{J I) 
of pyruvate kinase, it is t not surprising 
that a lateral extension of the adenine nu- 
cleus is acceptable to this enzyme. 

The next enzyme examined was phos- 
phofructokinase (PFK, rabbit muscle) 
which requires ATP to phosphorylate 
fructose 6-phosphate. At low concentra- 
tions of ///i-benzoadenosine triphosphate 
and ATP the K m values for the cofactors 
were determined to be 0.16 mM and 
0.04 mM, respectively, while the V max 
values were of comparable magnitude. 
PFK is able to utilize several nucleoside 
triphosphates as phosphoryl donors (J). 
While these mainly comprise purine nu- 
cleotides, uridine triphosphate (UTP) 
and eATP (72) have also been shown to 
serve as cofactors. Acceptance of lin- 
benzoadenosine triphosphate by PFK 
represents the largest dimensional devia- 
tion known from the natural cofactor. At 
high concentrations of ATP (and UTP or 
eATP) PFK is significantly inhibited (13); 
///i-benzoadenosine triphosphate exhib- 
its allosteric inhibition of this enzyme 
to approximately the same degree as 
ATP. 

Yeast hexokinase; which exhibits 
more stringent nucleotide specificity, 
was assayed by the standard procedure 
of coupling to gJucose-6-phosphate dehy- 
drogenase. /m-Benzoadenosine 5'-tri- 
phosphate (Id) replaces ATP with this 



enzyme; but, while the K m values are of 
the same order (0.18 mM and 0.09 mM, 
respectively), the reaction rate with the 
"stretched-out" cofactor is approximate- 
ly 40 times slower. Our kinetic data sug- 
gest that the kt stretched-out" analog of 
ATP can be accommodated at the coen- 
zyme binding site, but that there is a re- 
duction in the efficiency of phosphoryl 
transfer to the substrate, possibly be- 
cause of greater steric restrictions within 
the glucose and coenzyme binding re- 
gions. Hexokinase has an intrinsic hydro- 
lytic activity that is low compared with 
the glucose phosphorylating activity 
(14). The occurrence of adenosine tri- 
phosphatase (ATPase) activity makes it 
essential to carry out binding measure- 
ments rapidly, a problem that has yet to 
be satisfactorily solved. ///i-Benzo- 
adenosine triphosphate may provide a 
means of studying the interaction of co- 
factor and hexokinase since it can be ac- 
commodated at the coenzyme binding 
site, while its slow reactivity makes it 
eminently suitable for fluorescence polar- 
ization measurements. . 

Finally, we examined the ability of lin- 
benzoadenosine triphosphate to phos- 
phorylate 3-phosphoglyceric acid, cata- 
lyzed by yeast 3-phosphoglycerate ki- 
nase (PGK), in comparison with ATP, 
The phosphorylation was assayed ac- 
cording to the standard procedure of cou- 
pling the reaction to gJyceraldehyde-3- 
phosphate dehydrogenase, //n -Ben- 
zoadenosine triphosphate functioned in 
the system with a K m of 0.4 mM, while 
under identical conditions the K m ob- 
served for ATP was 0.5 mM . The V m . d% 
value for the tk stretched-out" analog was 
approximately I percent of that of ATP. 
This activity of the /z'/7 -benzoadenosine 
triphosphate in the PGK system has per- 
mitted the enzymatic synthesis of lin- 
benzoadenosine 5 '-[y-^P] triphosphate 
(15), the availability of which facilitates 
further enzymatic studies. 
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A considerable body of evidence 
now been presented that the nucleotide- 
binding sites of PGK and several de- 
hydrogenases (lactate, malate, alcohol, 
and glyceraldehyde-3-phosphate dehy- 
drogenases) are alike (16) and it is thus 
attractive to speculate from our data that 
the ///i-benzo analog of NAD + (nicotina- 
mide adenine dinucleotide) will bind to 
these dehydrogenases. 

The lateral extension of the purine ring 
system has provided a heterocycle with 
interesting spectroscopic properties. For 
example, evidence for an intramolecu- 
lar interaction of the 5' -phosphate sub- 
stituent with the chromophore comes 
from the spectroscopically determined 
pK a values (base protonation) for the 
"stretched-out" analogs of adenine nu- 
cleotides in aqueous solution: /m-ben- 
zoadenosine triphosphate, p K a , 7.1 (6.6 
in presence of 5 mM Mg- + ); //Vt-ben- 
zoadenosine diphosphate, pK^ 7.3 (6.9 
in presence of 5 mM Mg- + ); /m-ben- 
zoadenosine monophosphate, pK 37 7.6 
(unchanged in 5 mM Mg 2+ ); ///i-ben- 
zoadenosine 3\5'-phosphate, pK a , 5.6 
(unchanged in 5 mM Mg- + ); and /m-ben- 
zoadenosine, pK^ 5.6 (unchanged in 
5 mM Mg- + ). When intramolecular inter- 
action of the phosphate and the base is 
not possible, as in ///7-benzoadenosine 
3',5'-monophosphate, no change in pK z 
is observed with respect to that of lin- 
benzoadenosine. These data suggest par- 
ticipation of the . phosphates in base pro- 
tonation. The lowering of the/?/C a values 
' intfie presence of 5 mM Mg 2+ indicates 
the formation of magnesium chelate com- 
plexes with the polyphosphate residues 
of ///i-benzoadenosine di- and triphos- 
phates. At the pH at which all our en- 
zyme studies have been conducted (pH 
7.5, 5 mM Mg- + ) the k 'stretched-out" 
base moiety of the di- and triphosphates 
can be considered mainly in the unproto- 
nated form. 

In acidic aqueous solutions of ///i-ben- 
zoadenosine triphosphate, the fluores- 
cence emission shifted to longer 
wavelength— 385 nm compared to 372 
nm (corrected values) for the .unproto- 
nated form, pK a * being close to the 
ground stare pK. d — with little change in 
quantum yield. This makes the useful- 
ness of the compound equally satisfac- 
tory over a wide pH range. The second 
protonation of the system takes place at 
approximately p H 1 . The presence of the 
long wavelength absorption band per- 
mits excitation of the fiuorophore with- 
out interference from any other ultravio- 
let-absorbing species in proteins and nu- 
cleic acids. The fluorescence emission 
spectra are also sensitive to the presence 
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of divalent cations. The addition of 
5 mM Mg 2+ alters the pK a * of //n-ben- 
zoadenosine triphosphate, as judged by 
the fluorescence emission spectra, with- 
out incurring significant change in fluo- 
rescence intensity. Fluorescence quench- 
ing by Co 2+ in the case of /m-ben- 
zoadenosine di- and triphosphates is also 
indicative of divalent metal ion com- 
plexes with the polyphosphate residues 
and their interaction with the fiuoro- 
phore. 

We have been interested in intra- 
molecular base-stacking interactions of 
the heteroaromatic bases of nucleic acids 
(17). With a variety of /m-benzoadenine 
derivatives on hand, we therefore investi- 
gated the magnitude of the interaction 
between two of the tricyclic ring sys- 
tems. The percentages of hypochromism 
for P'/^-dWi/i-benzoadenosIne-S'-pyro- 
phosphate (3) and P\ P 2 -diadenosine-5'- 
pyrophosphate were compared by means 
of hydrolytic cleavage with snake venom 
phosphodiesterase and were found to be 
23 and 9 percent, respectively, at pH 
8.5 and 25°C. The hydrolytic cleavage 
of P 1 > / >2 -di-/m-benzoadenosine-5'-pyro- 
phosphate also results in an increase in 
fluorescence intensity of approximately 
two orders, of magnitude (Fig. 1). This 
dramatic change in fluorescence yield 
indicates that the //n-benzoadenosine 
moieties, when connected intramo- 
leculariy, can form dark complexes 
and can undergo intramolecular collision- 
al quenching. It is therefore predictable 
that intramolecular positioning of a lin- 
benzoadenosine system in close proximi- 
ty to other moieties — for example, nico- 
tinamide and isoalloxazine— will result 
in fluorescence quenching. 

Pilot studies indicate that /m-ben- 
zoadenosine 5'-diphosphate acts as a 
substrate for primer-independent polynu- 
cleotide phosphorylase (Micrococcus tu- 
teus) in the presence of Mn 2+ . The poly- 
meric material isolated by gel chromatog- 
raphy was essentially nonfluorescent, 
and its long-wavelength band in the ul- 
traviolet spectrum lacked the character- 
istic fine structure of the monomelic spe- 
cies (Fig. 1) and was broadened. The flu- 
orescence and the fine structure of the 
long-wavelength absorption band re- 
turned on treatment with 0.1M KOH at 
100°C or as a result of enzymatic cleav- 
age (18), showing again the strong stack- 
ing interaction between tricyclic base 
units. It should now be possible to study 
polynucleotide binding for the purpose 
of testing new complementarity relation- 
ships. 

For the enzymes investigated, the for- 
mal insertion of a benzene ring in the cen- 



;f the adenine nucleotides does not 
greatly diminish their binding properties 
with respect to those of the normal nucle- 
otides, but usually decreases the rate of 
reaction. Overall, the series la to Id and 
2 exhibit significant biological activity, 
varying with different enzymes. In addi- 
tion, the useful fluorescence properties 
of //rt-benzoadenine nucleotides and 
their increased tt interactions can be di- 
rected to many studies of static and dy- 
namic interactions with different 
moieties, complexation, the nature of en- 
zyme binding sites, and conformational 
changes induced by surrogate coen- 
zyme-enzyme binding. 

David I. C. Scopes 
Jorge R. Barrio 
Nelson J. Leonard 
School of Chemical Sciences, 
Un ivers ity of I llinois , 
Urbuna 6180! 
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SUMMARY 



a m in 0 : a vi;:^ o L-LL T !fo^^e b i;tS e :ia 2e a d t h ch r a i ns the nuor ° ^ i - 

apyrase. cTead^ of t he a-TptoSDhorv \ LIT™ P hos P h ? dl ""terase, and potato 
by venom phosphodiesterase p o l?Y\\ e J^E™ \\« «f A SyntheS1 ' S or 
sion spectrum. This property should . h h V J the f1uor escence emis- 
of the mechanisms of enzymatic reaction nucle ? tlde use ™ for studies 
phoryl bond. enzymatic reactions involving cleavage of the a-B phos- 
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INTRODUCTION 

Nucleotides P ,ay important roles in many biological processes. These pro- 
cesses indude DNA and RNA synthesis, protein synthesis, and energy transduc- 
tion. A number of nucleotide analogs have been synthesized and used to study 
the role of nucleotides in various systems (1). These analogs have included 
those with altered chemical reactivity (AMPPnP and ATP- Y -S), altered chromo- 
phobe ring structures (6-thioguanosine triphosphate)', and fluorescent deriva- 
t!ves such as e-ATP and formycin triphosphate (2-7). 1 

The use of fluorescent nucleotides , e-ATP and formycin triphosphate, has 
often been limited by the properties of the enzyme or by the spectroscopic 
Properties of the nucleotide. For example, £ -ATP contains a bridge group 
which prevents normal hydrogen bo nding of the purine ring. This analog is 
^Abbreviations used are* (v-AmNO atd • 
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neither a substrate nor inhibitor for DNA-dependent RNA polymerase of E. cp_M 
an enzyme in which hydrogen bonding to the template evidently plays a key role 
(L. Yarbrough, unpublished observations). Formycin triphosphate is a substrate 
for DNA-dependent RNA polymerase, however, its excited state lifetime is only 
about 1 nsec and its quantum yield is very low (Q = 0.054) thus its application 
has been somewhat limited. 

Grachev and Zaychikov (7) have reported the synthesis of an ATP analog con- 
taining aniline bound to the y-phosphate via a phosphoamidate linkage. This 
analog is a good substrate for DNA-dependent RNA polymerase of E. coli . This 
suggested that it should be possible to prepare the analogous derivative con- 
taining l-aminonapthalene-5-sulfonate. Here I report the synthesis of this 
fluorescent derivative of ATP, adenosine 5'-triphosphoro- Y -l-(5-sulfonic acid) 
napthylamidate, ( Y -AmNS)-ATP, and some of its spectroscopic and enzymatic prop- 
erties. 

MATERIALS AND METHODS 

Chemicals - The following chemicals were purchased from the sources listed 

(I ¥wS S 1 , 5 **, h ^ ' ? radG 1 (Si9ma) ' [3H] ATP (New En 9 land Nuclear), poly d 
A-U IP and L Labs), -aminonapthalene-5-sulfonate (Tridom), and l-ethyl-3- 
[3-dimethylaminopropyl) carbodiimide (Pierce). . 



... Enzymes - E. coVti RNA polymerase was purified as described 
Wheat germ RNA polymerase II was purified as described by Jendri 
(9) Purified valyl t-RNA synthetase was a gift of Drs. Ann Col 
Marchin Kansas State University. E. coll alkaline phosphatase, 
ase, and apyrase were from Sigma; Acetate kinase was from Boehri 
dependent protein kinase from bovine heart was a gift of Dr Ora 
Einstein College of Medicine, N.Y. Venom phosphodiesterase'was 
crude venom of Cr^talus adamanteus by incubation for 3 hr at 37 



previously (8). 
sak and Burgess 
11ns and George 

adenylate ki ri- 
nger; cAMP 

Rosen, Albert 
purified from 

and pH 3.6. 



model ^l^rr^rSinfc"^"^ Z Absor P tl ' on s P e ctra were obtained with a Cary 
Tt 2 ° 6 9 F LT;fJ " ter , Fluorescence measurements were made 

pm.innJ -J Perkl n ' E1 mer MPF " 44 recording fluorescence spectrophotometer 
absofi™ nJ 3 m, e r °r° C , eSSOr cor ^ted spectra attachment. Samples had a" 
ExcitS lit f 0.1 absorbance unit to obviate significant inner filter effects 
sinaS nhn?nn 1lfe ^ me measurement s were obtained with . the Ortec model 9200 
single photon counting system. Data was deconvoluted and fit to a single or 
double exponential by the method of moments. 9 

0 05 M En ?ns at HU Dl 'rr'°m 0 L f r^ NS) ; AT ^ " React1ons in 0 " 05 mL contained: 
Jl^s phosphodiesterase, 25 ug of E. ^Xlill H^lTwh 
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RESULTS 

Synthesis and Spectroscopic Properties of (Y-AmNS)-ATP . (y-AmNS)-ATP was 
synthesized from l-aminonapthalene-5-sulfonate, [ 3 H]ATP (500 cpm/nmole), and 
the wqter soluble carbodiimide, l-ethyl-3-(3-dimethylamino propyl )carbodiimide, 
using a modification of the procedure of Babkina et al_. (10). Details of the 
synthesis procedure will be presented in a subsequent communication. The reac- 
tion product, (y-AmNS)-ATP (Fig. l),was purified by chromatography on DEAE 
cellulose. The purified nucleotide showed a single intense blue fluorescent 
spot with a mobility about one-half that of ATP when chromatographed on poly- 
ethyleneimine cellulose according to the procedure of Gonzales and Gee! (11). 
Incubation of (y-AmNS)-ATP in 0.5 N HC1 for 30 minutes at 37° resulted in the 
complete disappearance of the original material and the appearance of two new 
chromatographic species. One strongly absorbed ultraviolet light and migrated 
with authentic ATP; the other exhibited a yellow-green fluorescence and migra- 
ted with l-aminonapthlene-5-sulfonate. 

The absorption spectrum of (y-AmNS)-ATP is shown in Fig. 2. It exhibits 
a maximum at about 243 nm, a shoulder at 260 nm, and a broad band centered at 
about 315 nm. Based on radioactivity measurement of [ 3 H]ATP, a. molar extinc- 
tion coefficient at 315 nm of 5580 M""* cm"^' can be calculated. 1-aminonaptha- 
lene-5-sulfonate shows a similar band at about 330 nm with e = 6000. These 
results are consistent with a conjugate containing 1 mole of ATP and 1 mole of 
l-aminonapthalene-5-sulfonate. The corrected fluorescence excitation spectrum 
is also shown in Fig. 2. Excitation maxima are observed at 243 and 315 nm. 
Following acid hydrolysis, the long wave length excitation maximum is shifted 
to 330 nm, the same as found for 1 -aminonapthalene-5-sulfonate. The corrected 
fluorescence emission spectrum of (y-AmNS)-ATP is shown in Fig. 3. It exhibits 
a broad maximum at 460 nm. The quantum yield was. calculated to be 0.63 using 
quinine sulfate in 0.1 N H 2 S0 4 as standard (Q = 0.55). Measurements of the 
excited state lifetime show a single component with a lifetime of 20 nsec. 
l-aminonapthalene-5-sulfonate shows a lifetime of about 5 nsec under the same 
condi tions . 
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Fig. 1. Structure of (y-AmNS)-ATP 



oMv-Am^ 3n ? corrected fluorescence excitation (— ) spectra 



gnzj3natlc.Propert1es of (y-AmNS)-ATP. The ability of ( Y -AnNS)-ATP to sub- 
stitute for ATP in a number of enzymatic reactions was examined. Table 1 
shows that this nucleotide is a good substrate for DNA-dependent RNA polymerase 
isolated from E. coU and wheat germ (polymerase II). It is also a substrate 
forvaly! t-RNA synthetase f rom E. coll.. . Thus this nucleotide appears to be 
an effective substrate for reactions involving, cle/vage of the „-„ phosphoryl 
bond. 

(Y-AmNS)-ATP is not a substrate under the conditions tested for any of ' 
the following kinases: acetate kinase, adenylate kinase, or cAMP-dependent 
protein kinase. It is degraded by potato apyrase and venom phosphodiesterase 
of r^otalus adamanteus -but not by bacterial alkaline phosphatase. 
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Fig. 3. Corrected fluorescence emission spectrum of (y-AmNS)-ATP. Conditions 
were the same as in Fig. 2 except that no cut-off filter was used. Excitation 
was at 320 nm. 

Fig. 4. Alterations in the fluorescence emission spectrum of (y-AmNS)-ATP pro- 
duced by enzymatic utilization. Measurements were performed as described in 
Fig. 3. 



The fluorescence properties of (y-AmNS)-ATP are altered when P-0 or F-N 
bonds are broken. The intact nucleotide has a fluorescence emission maximum 
at 460 nm (curve A, Fig. 4). Following extensive RNA synthesis during which 
most of the nucleotide was utilized, the emission maximum shifted to 475 nm 
(curve B, Fig. 4). The excited state lifetime decreased from 20 nsec to 16 
nsec. A similar change in fluorescence properties was produced by digestion 
with venom phosphodiesterase. 

Although (y-AttiNS)-ATP is not digested by bacterial alkaline phosphatase 
alone, when the nucleotide is digested with a combination of venom phosphodies- 
terase and alkaline phosphatase, the fluorescence emission maximum shifts to 
520 nm, the same as found for free l-aminonapthalene-5-sulfonate (curve C, 
Fig. 4). Analysis of the reaction products by thin layer chromatography 
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Itl syntSsf i0n ° f (Y ' AmNS) - ATP * ^-dependent RNA. polymerase and valyl 



Enzyme 

Activity (%) 



ATP . (Y-AmNS)-ATP 



RNA polymerase (E. coli ) 100 6o 

RNA polymerase II (wheat germ) 100 v 

valyl t-RNA synthetase (E. colJ_) 100 2 0 



£l $ r? yS fn r ,. RNA P ol y mer ase contained in 0.1 mL: 0 05 M Tris Hn n n r 1n -2 M 
MgCl 2> 10-3M dithiothreitol, 10"" M UTP lO^ H Hh atp c»n ' P M 
Y-AmNS) 3HJATP (500 cpm/nmole), 20 nmol s of poSy^d A-T 111 °f 

germ RNA polymerase, and other components a de scribed abnvf T l 6 " Wheat 
incubated for 10 min at 37°,. precipitated with « I ■ J ° ve \ . Sam P les wer e 
precipitate collected on glasHiber fntrl rl £ "? ^^etK acid, and the 
counted in a toluene based liquid scint latinn 5?,hh were dried and 
synthetase contained in 0 1 m i n i m t ^ ld - Assays for va W t-RNA 

KC1, 10-" M dith^othr toi ?0 : " M'[ 3 Hlvaliiie 1^ V" 10"* H 

mM ATP or (v-AmNS)-ATP and n l „ S -I • S (35 c P m /P mole > 50 pg t-RNA, 2 
Following l\T^l ?IcubS?l2n at 9 37° P c2S? " ^ V ? 1yl ^ synthetase. . 
chloroacetic acid" he P rec?pi?ates « h prec ]Pi tated with 5% tri- 
lation as described abov? collected, and counted by liquid scintil- 



revealed the presence of two species. One absorbed u.v. light and migrated with 
adenosine; the other was fluorescent and migrated. with 1 -aminonapthalane-5-sul- 
fonate. No ( Y -AmNS)-ATP was detected following digestion. 

DISCUSSION 

(y-AitiNS)-ATP should be an excellent probe for many ATP requiring enzymes, 
especially those which cleave the phosphoryl bond such as nucleic acid poly- 
merases and t-RNA synthetases. This nucleotide has an absorption band in the 
region 300-350 nm which permits its selective excitation. Since this is the 
region in which tryptophan fluorescence occurs, it is also a potential accep- 
tor for resonance energy transfer .from intrinsic fluorophores of proteins. In 
addition, the relatively long excited state lifetime makes it potentially use- 
ful for studies of fluorescence polarization. The quantum yield is high and 
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is altered when P-0 or P-N bonds are broken. This property may allow one to 
study the dynamics. of the phosphoryl bond breaking step. 

The reaction used to synthesize (y-AmNS)-ATP can be used to synthesize 
other nucleotide analogs. For example, we have already synthesized the com- 
parable GTP analog. In addition, it should be possible to synthesize other 
ribo- as well as deoxyribonucleoside mono, di, or triphosphate derivatives. 

It has not yet been determined whether ( Y -AmNS)-ATP is capable of being 
incorporated into the 5' terminus of RNA chains, i.e., acting as an initiator. 
It appears that it can however, since Grachev and Zaychikov (7) have shown that 
the corresponding derivative, ATP- Y -ani1 idate, can initiate RNA chains. If . 
-studies show that (y-AmNS) can initiate, we plan to use it to study the dynam- 
ics of RNA chain initiation. 
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abstract: The reaction^ chloroacetaldehyde with single- 
stranded DNA (ssl)^ yjelds eDNA, a highly fluorescent 
substance. The ^binding; of JrecA protein to eDNA nearly 
doubles its fluor^n^^dli The enhanced fluorescence 
sign^ls.the;fbinmation ^ of aT^^eDNA complex. This complex 
exhibits lan'ATPase atfi^y^as great .as that of the corre- 
sponding recA^sDN A ' ppinnp jex. Addition of a saturating 
concentration of adenosine S'-O-CS-thiotriphosphate) (ATP7S) 
to a solution of the. recA-*DN A complex yields a further rise 
in fluorescence. Saturation with ATP produces the same rise. 
The nucleotide triphosphates have converted the recA-eDNA 
complex into the respective ATP?S-recA-€DNA and ATP- 
recA-eDNA complexes. The fluorescence changes that ac- 



company tlieiormation of the three complexes have enabled ;1 
us to (1) esiablish:tiyUitratioh that recA protein binds to 6 0 \ 
± °:? n H^^ide^I)N4(2) show that the binding of ATP ' | 
to the recA^^Aftmplwis Highly cooperative under various 
™ n ^^^y^£^^ffttim of 2.4-4.9 and K z = 25 "M 
■± 2>M t .^-sii^ of ATP7S is also highly 1 

cooperative, with a Hillc^fficient of 3.3-4.2 and K z - 0.5 \'f 
mM, and (4) perform' initial measurements on the rate*at which 
recA protein transfers between polynucleotides. The exper- 
iments provide the first direct observation of an ATP-recA- 
ssDNA-like complex, and they illuminate some of the prop- 
erties of such complexes. 



The 



he recA protein shows a remarkable range of activities for 
so small a molecule. Particularly interesting is its ability to 
catalyze ATP-dependent DNA strand assimilation. Studies 
with the recA protein are consequently providing important 
insights into genetic recombination mechanisms (Geider & 
Hoffmann-Berling, 1981; Radding, 1981). In particular, the 
structural features that homologous DNA molecules must 
possess if they are to undergo recA-promoted 1 strand assi- 
milation are being explored (West et al., 1981; DasGupta & 
Radding, 1982).. Complementary biochemical studies have 
broadly established the nature of the interactions between recA 
protein and polynucleotides and nucleotide triphosphates and 
the factors controlling the ability of recA protein to act as a 
protease (Weinstock et al., 1981a-c; Craig & Roberts, 1980). 
These experiments rely primarily on selective filter-binding 
assays to characterize the various recA-DNA complexes 
presumed to be involved. Data obtained with the ultracen- 
tnfuge and electron microscope provide supplementary in- 
formation. A spectroscopic method that allows recA-catalyzed 
reactions to be continuously monitored would make it possible 
to examine more closely the nature of these complexes and 
the dynamics governing their formation and disappearance. 
We describe here such a method and the initial results it has 
yielded. 

The essential reagent is eDNA, obtained by treating ssDNA 
with chloroacetaldehyde. This highly fluorescent modification 
of ssDNA has been known for nearly 10 years, but its great 
potential for investigating protein-ssDNA interactions does 
not appear to have been realized (Lee & Wetmur, 1973) The 
corresponding derivative of poly(rA), poIy(eA), has been em- 
ployed by several investigators (Ledneva et al., 1978; Toulme 
& Helene, 1980) but, as we shall see, is of no use in the recA 
protein system. The chloroacetaldehyde reaction converts 
adenosine to l.A^-ethenoadenosine and cytidine to 3 N*- 
ethenocytidine. It is the high fluorescence of the forme'r at 

' From the Department of Chemistry, Imperial College of Science and 
Technology, London SW7 2AY, U.K. Received April 16, 1982. This 
work was supported by SERC Grant GR/A94249. 

Permanent address; Chemistry Department, Amherst College, Am- 
herst, MA 01002. 



neutral pH (X max -405 nm) that renders *DNA and poly(fA) 
so useful (Leonard & Tolman, 1975). 

Experimental Procedures 
Materials 

Commercial samples of ADP (Sigma), ATP (Sigma), and 
ATP7S (Boehringer) were used as received. Highly polym- 
erized calf thymus dsDNA (Sigma) was converted to ssDNA 
by heating it for 20 min at 100 °C and then plunging it into 
an ice bath. The concentrations of all these nucleic acid 
derivatives were determined spectroscopically (Weinstock et 
al., 1981a). Thin-layer chromatography established that the 
ATYyS contained 25 ± 5% ADP, and all cited concentrations 
for ATP7S allow for this. Other purchased chemicals were 
of the highest purity available. 

In all but two experiments, a single stock recA protein 
preparation was employed. It had been purified by Sephacryl 
S-300 filtration and is certainly >98% pure and binds 1.0 mol 
of nucleotide/mol of recA monomer (Cotterill et al., 1982). 
recA protein concentrations were determined spectrophoto- 
metrically (Cotterill et al., 1982). 

Our procedure for synthesizing *DNA was based primarily 
on an earlier method for preparing poly(eA) from poly(rA) 
(Sterner et aL, 1973). Chloroacetaldehyde was obtained by 
heating a mixture of 24 mL of CH 2 C1CH(0CH 3 ) 2 (Aldrich), 
10 mL of H 2 S0 4 , and 250 mL of water under reflux for 20 
min and distilling the resultant homogeneous solution until 
- 130 mL of distillate had been collected. This distillate, when 
diluted to a volume of 150 mL, had a pH of 5 ± 0.5. It was 
redistilled until -100 mL of distillate had been collected. The 
stock chloroacetaldehyde solution was obtained by diluting the 
second distillate to 130 mL. The principle synthesis of eDNA 
began with the addition of 29 mL of the chloroacetaldehyde 



Abbreviations: ss, single stranded; ds, double stranded- ATP7S 
adenosine 5^-(3-thiotriphosphate); NTP, nucleoside triphosphat e : 
poly(eA), poly(l,/V*-cthenoadeny!ic acid); eDNA, product obtained by 
treating ssDNA with chloroacetaldehyde, which contains I /V^ctheno- 
adenosine and 3,/V 4 -ethenocytidinc residues; recA, recA protein- Tris 
tris(hydroxymethy])aminomethane. 
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reagent: to^M* 5 
of 1t7^-so31&- 



add,tion mm0k0i^^$mn6i ^ 

cp.tat.on. Sev^i:^[|(i^p|^j^s served 
to purify. the.^u^Sta&i^ii^Tl); ! The solution 
obtained pnorla^l^^j^^^^^cu^tej, at 40 
0 C overnight ttf hastej£ ffie^K^p^tjpn of* undesirable re- 
action mtermi^tw^l^^wjS^muiated. (Krzyzusia 
et al., 1981). About; 20 ^^coBrless 5 «b^A 'tesulted 
Aqueous solutions of this miterial have shown no detectable 
change in $^p^p|fc^j5#^|pii|' a 3-morith.period. 

The concentration ef-,#l^^d>^^edrby'.pnosphatc 
analysis (Ames, 1966);.: Irtwstandard: -buffer, . our material 
showed X^ 244 rim(6-= : 47p0)>a broad inaxkum at 250-267 
nm (e 260 = 6300), aria f^ = 9WM^tti&Mimp6r& n i 
to know the extent of modification in thejeDNA, the following 
procedure suggests that 75 ± 5% of the adenine and cytosine 
rings have been converted to the etheno derivatives [cf Lee 
& Wetmur (1973)]. In a trial run, ssDNA was treated with 
chloroacetaldehyde overnight. The slightly yellow product 
isolated, assumed to be 100% modified, showed 247 nm 
and OD 270 /QD 260 = 1 .03. The corresponding numbers for the 
starting material are 230 nm and 0.83. By interpolation, the 
eDNA used in our experiments is 82% or 70% modified, if the 
changes described depend linearly on the extent of modifica- 
tion. 

Poly(eA) was similarly prepared from poly(rA). Its spec- 
troscopic properties were in excellent agreement with those 
reported, and its concentration was determined as described 
elsewhere (Ledneva et al., 1978). 

Methods 

All fluorescence experiments were performed with a Per- 
kin-Elmer MPF-44B instrument operated in the ratio mode 
generally with X„ = 300 nm and X cm = 400 nm. A cuvette 
of appro X1 mately 1.5-mL capacity was positioned in a ther- 
mostated cell holder; it was illuminated over a 0.4-cm path 
length. The absorbance of the solutions employed was almost 
always <0.02, but at the very end of some titrations, it rose 
to ~0.O25. 

All experiments were performed at 25 °C and, except when 
noted, in standard buffer, consisting of 20 mM Tris-HCl pH 
7.5, containing 10 mM MgCl 2 and 1 mM dithiothreitol A 
typical run involved the addition of small volumes of the 
reactants to 1.0 mL of standard buffer. Solutions were mixed 
by gently inverting the stoppered cell several times recA 
protein was handled either with plastic apparatus or with 
glassware that had been previously treated with dimethyldi- 
chlorosilane. However, Hamilton syringes used for the ad- 
dition of recA protein in some titration experiments were 
merely nnsed with the recA protein solution prior to use 
Miscellaneous Points. (1) The fluorescence titrations for 
determ.mng the stoichiometry for the binding of ATP7S to 
the recA-eDNA complex were performed on 200 nL of so- 
lution ,n a cuvette of ~300- M L capacity. The spectropho- 
tometer was set at X„ = 310 nm and X^, = 450 nm. (2) 
A iFase experiments, performed with, [7-"P]ATP (Amers- 
nam) determined the rate of release of radioactivity that was 
not adsorbed to activated charcoal. (3) In some experiments 
reported here and other unpublished ones, the order of mixing 
of reagents significantly affects, what is observed. We have 
specified the order followed where that is a consideration. (4) 
All polynucleotide concentrations are reported as nucleotide 
residues. 
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1 Titrat^oJViafnmS ofrecA ^Steiri at 25 'C in standard 
bu e . Ahquots of 750'MM.eDNA S olutiq,i#ere added to appro* 
ATP • T^^l^^^VWiidi-aho- held 93 ) „M 
ATP (•) 140 nM ATP Y S (a), or no NTP O). The two controls 
illustrate theadduion of eDNA to 1.0 nmol of a-chymotrypsin in the 
" M A T P J S < A > and thc attempted tuS of 0 6 
nmo of recA protein with poIy(eA) (O). The latter curve has been 

^il" ° rd r e V? fit ,l , 0I J the pl0t - 11 shows no cha »8« i" slope 
in the region of 3.7 nmol of poly(eA). 

. Results 

Two critical observations lie at the heart of all that follows 
First, addition of recA protein to a solution of eDNA greatly 
enhances the fluorescence of eDNA at 400 nm. For example 
the fluorescence yield from a mixture of 0.6 nM recA protein 
with 6.4 M M eDNA in standard buffer at 25 °C is ~80% 
higher than the sum of the separated individual components 
The complex responsible for this enhanced fluorescence will 
be designated as the recA-eDNA complex. Second, addition 
of saturating concentrations of ATP (>500 nM) or ATP7S 
(>30 fiM) to the solution of recA-eDNA complex formed in 
the preceding experiment causes a further substantial rise in 
fluorescence. Under any particular set of conditions, rises in 
fluorescence for the two NTP's are identical. The experiments 
descnbed below examine the utility of these fluorescence 
changes for exploring the behavior of recA protein 

Fluorescence Titrations. The expectation that recA protein 
binds strongly to eDNA suggests performing fluorescence 
titrations to define accurately the number of nucleotides 
covered by a recA monomer (Toulme & Helene 1980) Two 
procedures are possible, for eDNA can be added to recA 
protein, or vice versa. Since a titration may be performed in 
the presence of saturating concentrations of ATP or ATP7S 
or in the absence of any NTP, a total of six kinds of titrations 
may be attempted. All have been tried. Figures I and 2 give 
one example of each kind and illustrate a few control exper- 
iments. The. difference in slope between the initial and final 
segments of each titration is greater in Figure 2 than it is for . 
the corresponding titration in Figure 1 because the contribution 
of the fluorescence at 400 nm from excess recA protein, which 
the final portion of Figure 2 reflects, is so modest. 

The equivalence point for each titration was obtained by 
determining the point of intersection of the least-squares 
straight lines passed through its initial and terminal phases. 
Table I summarizes the results obtained. 

Binding of ATP and ATPyS to the recA-eDNA Complex. 
As previously stated, addition of a high concentration of ATP 
or ATP-yS to a solution of the recA-eDNA complex affords 
a substantial fluorescence enhancement. Figure 3 graphically 
demonstrates this effect for ATP. Saturating concentrations 
of the two nucleotides produce the same enhancement, within 
experimental error. 
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20 3-o 
recA protein (nmol) 

EtsVnTt ° f ? f nm ° l ■° f 4 ? NA at 25 ° C 1,1 standa * buffer. 
^ °hm ' f recA protein solution .were added to about 1 mL 

£ l?^d S Sr m ^ prCSencc or absence of NTP - The 

(• , (A), and (O) have the same meaning as in Figure 1 The control 

(O) describes the addition of recA protein to a Son holding 4 4 

IS? P TH y0 t ) End " " M ATPyS - 11 shows "° detectab? hange 
m slope. The slope .s so slight because the added recA protein bard v 
perturbs the mtensity of the highly fluorescent ^KluS 

These factors give the titration curves in Figures 1 and 2 
heir charactertstic forms. In each figure, the two titrations 
hat include an NTP g.ve a sharper change near the equiva- 
lence pomt than does the one without. The initial rise in 
fluorescence for the latter reflects solely the fluorescence en- 

W^r"'. 3 , 8500 ' 31 ^ Wkh recA -< DN A implex formation. 
With the other wo, we see this enhancement reinforced by 
the contribution from the conversion of that complex into what 
is most conveniently designated an ATP-recA-eDNA or 
ATP T S-recA- £ DNA complex. Furthermore, the titration 
curves in the presence of ATP and ATP-yS are nearly su- 
penmposable in Figure 1 and match closely in Figure 2 'The 
following two qualitative observations on the nature of the 

of IS C T pleXeS 3re WOrth notin 8 : O addition 

of ADP to a solution of recA-«DNA complex results in a slight 
decrease ,n the measured fluorescence; (2) addition of either 
NTP to a solution of recA-eDNA complex does not affect the 
measured intensity if C*» is for Mg zJ^Z 

standard buffer or if no divalent cation is present 
When less than a saturating concentration of ATP (25-60 
15 m ' xcd with Preformed recA-«DNA complex the 
measured fluorescence changes in a characteristic w a ! A 

ff ?i S a. mn ' a " d then comm ences a slow descent 
L t l Pr ° Ceed '° ne en0 ^' the ™n. *h™ a final 
The that K general| y lies sIi Shtly below the original level. 

ortin o r C A? etWeen thC higheSt V3lue reached and 'he 
ordinal one, A.F, ,s greater when a larger ATP concentration 
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Time, minutes 

tTtr r i : A?nNA CCnCCC f ,an8 ?, that charac *nze the binding of ATP 

. standard buffer (this ^w*^^^*^™ 
been d.sp aced vertically). At the first arrow, [ATP] wa increased 
to the tajd shown; at thesecond, it was increased' to >480?M T?ac« 
of actual recordings obtained are shown, but the straight smS 
represent penods who, the pen returned to zero as a Sgent wa ffi 

perirnent. 6 '° ^ mit, ' al Va ' Ue for 13 ' runs i" this ex- 

is introduced. The observations suggest a method for deter- 
mining the apparent dissociation constant, K, and the decree 
of cooperatrvity characterizing the ability of ATP to convert 
the rccA-tDNA complex into the ATP-recA-eDNA one 
The experiments are best done by preparing a stock solution 

Z n ,nin TK eC r n Pr ° tein and eDNA at the desired concen- 
trations. The following three-step procedure is used for each 
data pomt (see F.gure 3): (1) record the fluorescence of 1 0 
mL of the stock; (2) add 0.5-5 „L of a relatively dilute ATP 
solution and record the time-dependent fluorescence change 
hus determining Af- and (3) after the measured fluorescence 

ISiriT H ' 5-10 " L ° f 3 SeCOnd ATP soluti °" ^a. is 
sufficient y concentrated to convert all the recA-eDNA com- 
Plex into ATP-recA-eDN A. The difference between the final, 
constant fluorescence and that in step 1 defines AF 

re,A nCe ni! A effeCt °, f (ATP] Up0n ,he ATPase activityof the 
Z * u h C ° mplC / h3S bee " ,rcated successfully in terms 
of the Hill equation (Weinstock et al„ 1981b), the same ap- 
proach has been attempted for the fluorescence experiments. 
The data for each set of runs have been plotted according to 
the appropriate form of the Hill equation: 

log [A/y(AF m - AF)} = h log [ATP] - | og K (I) 
As Figure 4 illustrates, each plot displays satisfactory linearity. 
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figure 4: Binding of ATP to the recA-^DNA complex under standard 
conditions. The data are plotted according to the Hill equation (eq 
1) with [ATP] values expressed in micromolar: (A) 1 2 uM recA 

fnvA'ilr 0 ^ 71 ^ 1 = 31; (B_D) °" 61 " M recA P«*ein and 
[*DNA]/[recA] = 6.1, 12, and 18, respectively 



Table II: Cooperative Binding of ATP and ATP7S to 
recA-eDNA Complexes 0 



[recA] 


[eDNA]/ 


[NTP] 0 


OiM) 


[recA] 


W) 


1.2 C 


3 


10-46 


0.6 C 


6 


19-66 


0.6 c 


12 


19-54 


0.6 c 


18 


20-48 


0.6 d 


12 


20-49 


0.8 e 


27 


14-50 


1.2' 


3 


0.3-1.2 


oy 


18 


0.2-1.1 



K b 
^ app 



0iM) 



2.4 

3.3 

4.3 

4.9 

2.5 

3.3 , 

3.3-4.2 

3.3-3,4 



20 
26 
28 
27 
33 
18 

0.4-0.6 
0.4-0.5 



b a Performed under standard conditions as described in the text. 

1S the sl °P e of tn e Hill equation plot (or its kinetic equivalent) 
T-rJi*?* " thC 1NTf>1 rec l uired for half-saturation. c In these 
ATP binding experiments, no correction to [ATP) 0 was made for 
the minor hydrolysis that occurred during the time required for 
the measured fluorescence to reach its maximum. The average 
value for is 25 ± 2 M M. d This ATPase run with eDNA gave 

= 3-7 + 0. 1 M miiT' for 48O-750mM ATP, so A at = 6.3 
mm . The Hill plot consisted of six points, encompassed a 
ra rT Q £ r er* m ° f 0 - 2 -°' 75 ' and s howed a correlation coefficient 
W L Por th 's*X174 ssDNA promoted ATPase at pH 8.1 

1 A ^ t= 7mm_1 (Weinst0ckctaI -' 1981b ^- ' Analysis of 
these ATP7S binding experiments is described in the text. We 
have ind icated the range of possible values for h and K 
— — «PP* 

Table II demonstrates that the four derived values for K 
the value of [ATP] required for AF = AF m /2, are in good 
agreement. The magnitude of the Hill coefficient establishes 
that ATP converts recA-eDNA into ATP-recA-fDNA in a 
highly cooperative process under all conditions examined. The 
degree of cooperativity rises as the ratio [eDNA]/[recA] is 
increased, but the difference between the h values for the two 
runs at excess eDNA is barely significant, ft is not experi- 
mentally feasible to increase the [eDNA] further. 

The recA-eDNA complex is an effective ATPase under 
conditions nearly identical with those employed for one set of 
binding runs. The two experiments afford reasonably similar 
values for h and K ipp (Table II; comparable ATPase data from 



-0-5 -0-3 
log[ATPfS] 

F f 6 ^^^^ " ^l^ 1 ?^- 0f ATP ? S t0 the recA-eDNA complex under 
standard conditions. The data are plotted according to the Hill 
equation (eq 1) with [ATP7S] values expressed in micromolar. The 
broken line is the least-squares straight line through the lowest five 
'U^k a ex P e " ment employed 1.2 M M recA protein and 3.7 
^.<DNA. The solid line is the least-squares straight line through 
7' P S S A T if «Pennient involved 0.5 M M recA protein and 
8.9 MM eDNA. The analysis, explained in more detail in the text 
assumed that ATP7S binds to the recA-eDNA complex with a' 
stoichiometry of 1:1. y 

the literature are also shown). 

The method described for evaluating the binding of ATP 
to the recA-eDNA complex has also been applied to ATP7S 
Complexes between ATP 7 S and recA-ssDNA have figured 
prominently in previous work with recA protein, primarily 
because they are readily captured in filter-binding assays 
(Weinstock et al., 1981c). The high stability of, the ATPyS- 
recA-eDNA complex has proven a liability in the fluorescence 
investigations of ATP7S binding. Analysis of the experimental 
data requires making allowance for the substantial fraction 
of the added ATP7S that is bound to recA protein. Fur- 
thermore, experiments with excess recA protein witness a 
reproducible discontinuity in fluorescence at [ATP7S] - 0 8 
MM [Figure 5 at log [ATP7S] = -0.4; the point shown at log 
[&F/(AF m - AF)] = 0.39 represents three identical deter- 
minations] when the solution slowly grows perceptibly hazy. 
This is one of two instances where enzyme aggregation has 
caused a problem. It apparently does not affect the value for 
AF m . The measured AF m for the hazy solution is identical with 
that for a clear solution obtained by saturating the pure 
recA-eDNA complex with a single addition of ATP7S As 
a result of these difficulties, the ATP7S binding data are not 
as reliable as those for ATP. Table H lists the range of values 
for h and K ipp that is compatible with our experiments and . 
Figure 5 displays the Hill equation plots. The entries in Table 
II summarize several alternative analyses of the data acquired. 
We can assert confidently that ATP7S converts recA-eDNA 
to ATPyS-recA-fDNA in a highly cooperative process that 
shows a K zpp « 0.5 M M. This value of K app agrees with the 
value of K { = 0.6 M M obtained from ATP7S inhibition of the 
ATPase reaction (Weinstock et al., 1981c). 

The tight binding of ATP7S to the recA-eDNA complex 
presents the opportunity of determining the stoichiometry of 
that binding by fluorescence titration. Meeting the require- 
ment that [recA-eDNA] greatly exceed the dissociation 
constant for the ATP7S complex proved difficult. Enzyme 
aggregation foiled our efforts to use 17 M M recA protein 
([eDNA]/[recA] = 7.6). Solutions of 4.92 M M recA protein 
([eDNA]/[recA] = 13.7) appeared to remain homogeneous. 
Triplicate determinations give [ATP7S]/[recA-eDNA] = 
0.78 ± 0.04. Various other procedures have given values of 
0.5-1.7 for this stoichiometry (Weinstock et al., 198 ic). 
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rW^i'^^Ste^'^^ti^^ofiiBcA protein from ssDNA 
to «DNA.., The extreme left records the fluorescence of a solution 
containing 0.6 recA protein plus 80 M M ssDNA. The lowest run 
a!so,held 30 M M ATPyS,. At the designated point. [tDNA] was 
increased to 3.6 M M, and, after -10 s (middle trace) or 3 min (upper 
trace), [ATP T S] was raised to 30 nM. A fast pen response was initially 
used in the latter in order to demonstrate the occurrence of a detectable 
time-dependent rise in fluorescence. 

Detection of the Transfer of recA Protein between Poly- 
nucleotides. If «DNA is added to recA protein or vice versa 
the measured fluorescence reaches its final value by the time 
observation begins, ~20 s after mixing. That is not the case 
if eDNA is added to a solution containing recA protein plus 
ssDNA. When 3.7 ,iM «DNA is added to a mixture of 0 6 
MM recA with 80 nM ssDNA, the last 20-25% of a rapid rise 
in fluorescence is seen (note the upper curve of Figure 6). The 
ultimate value, attained within 2 min of mixing, is identical 
with that found when the same concentrations of recA protein 
and eDNA are combined. Addition of 80 nM ssDNA to the 
latter solution fails to affect its fluorescence significantly. 

A large number of such experiments have been performed. 
We shall focus on typical observations that best illuminate the 
properties of the various recA-eDNA complexes with which 
we have been concerned or that mostly clearly indicate the 
potential utility of fluorescent eDNA for investigating pro- 
tein-nucleic acid interactions. We are currently attempting 
to acquire more thermodynamic and kinetic data for some of 
. the processes described with the aid of conventional and 
stopped-flow fluorometers. 

Only one interpretation of the fluorescence change seen 
when eDNA is added to the solution of the recA-ssDNA 
complex warrants consideration. We are detecting the rela- 
tively slow transfer of recA protein from ssDNA to eDNA 
possibly by a dissociation mechanism. The rate of transfer 
is too fast to measure accurately with the Perkin-Elmer 
fluorometer. Since under the specified conditions transfer is 
more than half complete by the time recording commences, 
the half-hfe for the process is considerably less than 30 s The 
corresponding value for k, > 1.4 min" 1 (Table III), represents 
a conservative lower limit. The ability of 3.7 nM eDNA to 
strip recA protein from 80 M M ssDNA so effectively proves 
moreover, that recA protein preferentially binds to the former 
polynucleotide. 

A simple experiment, illustrated in Figure 6, confirms that 
recA protein transfers from ssDNA to eDNA in the experi- 
ment described,: It relies upon the fact that a high concen- 
tration of ATP-yS "freezes" recA protein to the polynucleotide 
uponjhich it resides for the few minutes required to record 
a stable fluorescence intensity (Weinstock et al., 1981c and 
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ATP 
ATP7S 
none 
ATP 
ATPyS 



>6 d 
0.13 

<0.002 

>1.4 d 
0.3-1 

<0.007 



w ^tS^B^P w ™ 6 - n M :?lri P lo y ed °- 6 " M rec A protein, 3.7 
MM eD^A, 25 ^ poly (dT),: and, where appropriate, 770 M M ATP 
or 60 MM ATP 7 s. 4 These three experiments utilized 0.6 M M recA 
P r , ot fl?> 80^DNAi3.77iM € DNA, and, where appropriate, 960 

the origins of tJie * 
febulated vaItr£S*fc>s ^Prelimihary- results with the stopped-flow 
fluorometer iridicate these rite constants exceed 20 min" 1 and 
that theTcineUc processeVgoverning these transfers are reasonably i 
comphcated." : - ^ ( = n ; 

below). The crucial experiment is performed by adding eDNA 
to a solution of recA-ssDNA in the cuvette, inverting the 
cuvette twice, adding ATP 7 S -10 s after the addition of 
eDNA, mixing, and recording the final fluorescence intensity 
The measured value of 518 exceeds that obtained (365) when 
ATP-yS is introduced prior to the addition of eDNA which 
fixes recA protein to ssDNA. It lies below that measured 
(650) if ATPyS addition is delayed until 3 min after the 
addition of eDNA, when transfer of recA protein to eDNA 
is complete. When the addition of ATP 7 S occurred -25 s 
after that of eDNA, the final fluorescence intensity was 605 
(not shown in Figure 6). 

The fluorescence experiments confirm the extreme inertness 
of the ATP 7 S-recA-ssDNA complex (Weinstock et al. 
1981c). Note, for example, the relatively constant fluorescence' 
intensity characterizing the lowest curve in Figure 6 The rate 
of transfer of recA protein to eDNA from this complex is too 
s ow to be evaluated accurately by the fluorescence technique 
We have estimated the rate as follows. When recA protein 
ssDNA, and ATP 7 S (0.6, 80, and 25 M M, respectively) are 
mixed and 3.7 M M eDNA is added, the initial instantaneous 
rise in fluorescence associated with the introduction of eDNA 
is followed by a very slow subsequent rise. Let us assume that 
the latter corresponds to the formation of ATP 7 S-recA- 
eDNA and that eventually all the recA protein would be 
converted to that complex under these conditions. The mea- 
sured increase in fluorescence after 46 min corresponds to 
-25% of the total expected rise. The half-life for the transfer 
is certainly >100 min, corresponding to k < 0.007 min" 1 (Table 
III). Weinstock et al. (1981c) report a comparable half-life 
for the exchange of ATP 7 S in the ATP 7 S-recA-ssDNA 
complex at 37 °C and pH 7.5. 

recA protein complexes incorporating ATP are of the most 
biochemical interest. Consider what happens in the experiment 
just described when 960 M M ATP is substituted for ATP 7 S 
The instantaneous rise in fluorescence attendant upon the 
addition of eDNA is followed by a further modestly rapid 
increase. The final fluorescence intensity, reached after 15-20 
mm, is identical (within experimental error) with that obtained 
for a solution holding just ATP, recA protein, and eDNA at 
the same concentrations. A first-order plot of the kinetic data 
is biphasic, corresponding to an initial slope of 1 min H and 
a final one of 0.3 min" 1 (Table III). There are two important 
points: (1) the ATP-recA-ssDNA complex transfers recA 
protein more rapidly than does the corresponding ATP 7 S 
complex but less rapidly than does recA^sDNA; and (2) recA 
protein binds more strongly to eDNA than to ssDNA in the 
presence of ATP. 
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o the Po!ynud^>de^«^ d ^ :>e ^ ihs constant 

of 0.3 M M ^*ommtHWmtom*6VSe-thc nr y 
end ofat«neKi^d^trMl^.flft Q ^^.^ < ^ i md > 
the standard Wndmons^pedfi^infablb III withi[poly(dT)] 0 

trr J™ ? dd / d beforc the Poly(dT), under the same con- 
rl , ni°, f 1 XpCCted » fluorescence occurs in 37 
min (A < 0 002 nun"'). Most interesting is the transfer of recA 
protein in the presence of high [ATP]. Under standard con- 
ditions the reaction obeyed the first-order rate law to better 
than three half-hves, * = 0.13 min-. Indeed, five runs in- 
corporating a range of concentrations, gave excellent first-order 
plots and identical rate constants [average k = 0 13 ± 0 01 
mm-' for 0.6-1.8 M M recA protein, 3.7-40 M M eDNA and 
1-29 ,M poly(dT)]. When the recA-eoC cornet 

of ^htAI 31 "/ n ,n8 . COnCentrali0n 0f ATP in the a °«nce 
of poly(dT), the fall ,n fluorescence is negligible during the 

S2 measurements (notc the final 

Discussion 

The assumption that the fluorescence data described under 
Results reveal the existence of recA-fDNA ATP^S-recA- 

Sd-f' "? ATP 7^ A - eWA COm P'«- -Irs t'os data 
eaddy understandable. It provides a theoretical interpretation 
that is consistent with previous studies on the interactions of 
recA protein with ssDNA. Filter-binding assays have captured 

nL NA COmplex must be implicated in the 

faM9 P 87°w ATP T 3CtiVity ° f rCCA ^ 
nun ';J \ tOCketa ' ' 1981a )- Additional telling 
fluorescence observations are the following: (1) complexes 
between recA p te ; n and ^ ^ ^ £JJ h ™J«™ 

«n Figures 1 and 2); (2) if Ca>* is substituted for Mg» o f 
no divalent cation is present in the standard buffer the 

recTS 5 Cnha T emCnt aUribUted 10 thc aversion of the 
ee A 7r A H C r P r X in° D the ATp - re ^-,DNA ones is not 
seen (3) addition of ADP to a solution of the recA-eDNA 

Zrr 65 n "° reSCenCe intensit y t0 fal1 lightly; and 
e A DNA eSCenC ? data imply th3t the «A-»DNA and 
Ini, A h7 C ° mP 6XCS rapid 'y transfer r <*A protein to 
A?Py£ZT r ^ ynUCle ° tideS While f« the corresponding 
nl ,1 rT P 6X65 th0Se transfere are extreme ly slow. All four 
points find close analogy in earlier work, employing othe 
^chniques (Cotterill et al., 1982; McEntee et al., 19 ? 

ZT^lru ,9 K 8 H ): 0) recA protein binds P-'v <° 
S «nSi r,lter - blndin S assa y s fa '< detect an ATP-yS- 

affords that complex in reduced yield but does not 
upport ATPase activity); (3) ADP appears to promote h 
d.ssoc.at.on o recA protein from ssDNA; and (4) filte'w nd ng 
as ys establ, A that the recA-ssDNA complex is 2 
mob le while the corresponding ATP 7 S one is extremely ine t 
These several arguments justify the conclusion that the 
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^^^^KSSa 1 The 

hiih bH - "^^^^^ ie ^ Vith 6DNA should provide 
biochemically re ^evanlunsigh'p nto the behavior of recA 
protein and otherj^ ^ ^ 

^^ n ™^:?m™*^^recA protein (1) 
define the stacM^ga^r^^W ^NA unde 
-^.^ ? 2)^^ in 4 of ATP to the 
recA eDNA complex, (3) quantify the binding and stoi- 

:2 bmdin ? ° f ATP ? S t0 the recA-fDNA com- 
plex, and (4) provide initial estimates on the rate at which recA 

ZT. T ? bCtWee " Polynucleotides. Our discussion will 
focus on the t.trat.on experiments and on the data bearing on 
the properties of the ATP-recA-eDNA complex 

Stoichiometry for the Binding ofrecA Protein to tDNA 
The fluorescence titration procedures described offer a con-' 

IS? C Th P,r,CaI meth0d Standardi -g -A protein 
lutions. The experiments may be performed rapidly (15-20 
mm per run) and yield highly reproducible equivalence point 
which are readily estimated by eye to ±5% under the specified 
condmon, Table I summarizes our results and d VpZs t 
tratio^data for two other batches of recA protein (runs 10 

Earlier experiments of various kinds have indicated that each 
recA protem mer binds tQ 4 _ 1Q nuclcotidcs of 

98'.mT n l8 , & R ° bem 0980) and McEnte e «* al. 
k \ .1, determ,nati °ns all lie within that range 

£S 1 6 ° rdCr f 3dditi0n ° f the -^nts appeal 
I) I H tS Si e" ifica ntly, and it is instructive 

t examme why this may be so. The stoichiometry values 

n r:L y ^ dln6 ( T A t0 rCCA Pr0tei " are more* readily 
.nterp reted The procedure maximizes the likelihood that recA 
protein fully coats «DNA throughout the titration, since it is 

mon C e e th e Un Tr WZltnCt POinL The ^ ^ - 
among the results from runs 1-9 confirms this expectation 

The conclusion that each recA monomer covers 6 0 ± 0 3 

r" ° tDNA Pr ° bab,y re P resen " 'he best availabl . 
estimate for the stoichiometry of binding between the protein 
and single-stranded polynucleotides. 

Titrations 12-21, where recA protein is added to «DNA 
g ve larger values for the ratio [«DNA]/(recA] at the equiv-' 
alence pomt^ We think these experiments overestimate the 
ability of recA protein to cover <DNA. The fluorescent regions 
of eDNA cannot be homogeneously distributed, since thc 
adenosine residues are not so distributed and the modification 
eaction w.th chloroacetaldehyde may not act randomly [cf 
Ledneva et al. (1978)]. The finding that recA protein binds 
far more strongly to eDNA than it does to ssDNA suggests 

lL rCCA r^ may bind P^ntially to the modified 
regions of the tDNA strands. Should this be so, when eDNA 
>s m excess, recA protein will afford a fluorescence enhance- 
ment that overestimates the total degree of coverage of eDNA 
This describes exactly the situation that pertains at the early 
stages of titration 12-21, when recA protein is added to eDNA 
The fact that the extent of overestimate is greatest for runs 
17-21, which includes ATP 7 S, accords with the preceding 



;;^h(OuW;;thercforc most clearl&re*^^ 
^Sachment-of recA protein to theari^ 
-pd they do. The high mobility.;** rep>pri^ 
srecATcDNA complex affords .the*^ 
itp xeposition itself on the <DNA strandsrduring theicdur^ of 
/titrations. 12-14. This repositioning; rritf^ 
those runs overestimate the abiIity^^re<^protein tt cover 
<D NA. Perhaps fortuitously, the ATP-recAtiDNA ^complex 
exhibits both intermediate mobility and an intermediate- degree 
of pyerestimation in runs 15-16. ......... ;<.. t , 

;,v#&-recA-tDNA Complex. ATP converts recA-^cDNA 
intq ATP.-recA-cDNA in a highly cooperative 
^all conditions examined (Table II). fteyaluWfe 
obtained from the Hill equation are very close to ^ thSe^btained 
for the eDNA- and ssDNA-stimulated ATPase reactions. It 
is gratifying that such different techniques are in good 
agreement, for the critical fluorescence observations are com- 
pleted when the ATPase reaction has barely commenced. This 
agreement, reinforces our conviction that we are justified in 
ascribing the fluorescence change seen, when ATP. is added 
to the recA-eDNA complex, to the formation of an ATP- 
recA-eDNA complex. 

We do not yet know what that fluorescence change repre- 
sents, at a molecular level. Preliminary studies establish the 
feasibility of examining the binding of ATP to the recA-eDNA 
complex with a stopped-flow fluorometer. They indicate that 
it will not be easy to establish a quantitative link between the 
fluorescence and ATPase data. The measured fluorescence 
intensity in the ATP binding runs clearly does not depend 
solely upon the instantaneous ATP concentration. The 
fluorescence intensity noticeably rises initially (Figure 3), but 
ATP is converted to ADP without a detectable lag (Weinstock 
et al., 1981a). Qualitatively, the fall in fluorescence seen after 
the peak value is reached (Figure 3) coincides with falling 
[ATP]. Quantitatively, the ATPase rate estimated fluoro- 
metrically (via the appropriate Hill plot) consistently exceeds 
that measured conventionally by at least 2-fold. 

What do the fluorescence experiments contribute to the 
question of the role of ATP in the recA protein system? It 
is helpful to start by contrasting the behavior of ATP and 
ATP7S. Both readily form ternary ssDNA complexes but 
ATP is cleaved some 5000 times more rapidly (Craig & 
Roberts, 1981) and apparently binds to recA-eDNA -50 
times less tightly. The following highly schematic equation 
(where NTP-recA-eDNA symbolizes the complex detected 
in the fluorometer and responsible for the cleavage reactions) 
suggests one possible way to reconcile these facts: 

NTP + recA-eDNA ~t NTP, recA-eDNA ~± 

NTP-recA-eDNA — NDP + P ; + recA-eDNA 

For ATPyS, k 2 » Ic } and binding experiments afford a true 
equilibrium dissociation constant, K(k 2 lk x ). For ATP, k } » 
k v The k y route offers a relatively rapid pathway for 
breakdown of the critical ATP complex. ATP binding ex- 
periments thus measure an apparent dissociation constant for 
ATP, K(k } /k { ), that significantly exceeds its true dissociation 



-mtThe;data in Table III provMeihe^ 

f the| ATP-rec A-eDN A and ATP^&miiX^^ 
-release recA protein far more rapidly ahahf So ^ffie^rre- 
. sponding complexes with ATP7S (perhaps thejATP:comrjlexes 
/have escaped detection in niter-binding-jexperimcnts-b^ause 
of th 1S lability). It is thus tempting to link. that release lo the 
cleavage of ATP in the k y step of the above- equation; ^How- 
ever, if the two processes are coupled; the coupling is quite 
inefficient under our experimental conditions.^The: *ate; ^con- 
stant of 0.13 min' 1 for the transfer of rec A protein from-eDNA 
to pbly(dT) in the presence of ATP is far ^rrialler.Jthan the 
ATPase turnover number of 6.3 min" 1 . The discrepancy with 
unmodified ssDNA is less but still substantial. The.primary 
function of the ATPase activity may well lie.elsewhere (Cox 
& Lehman, 1981; Weinstock et al., 1981a). 
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Guanosine Triphosphate and Guanosine Diphosphate as 
Conformation-Determining Molecules. Differential Interaction 
of a Fluorescent Probe with the Guanosine Nucleotide : 
Complexes of Bacterial Elongation Factor Tut 

Laura J. Crane* and David Lee Miller 



abstract: Tritium exchange studies have recently provided 
evidence that conformational differences between EFTu-GTP 
and EFTu-GDP may account for the differential binding of 
AA-tRNA by EFTu-GTP (Printz, M. P., and Miller, D. L. 
(1973), Biochem. Biophys. Res. Commun. 53, 149). These 
conformational differences have been further characterized by 
studying the interaction of the fluorescent dye l-anilino-8- 
naphthalenesulfonate with EFTu-GTP and EFTu-GDP 
EFTu-GTP enhances the fluorescence of l-anilino-8-naph- 
Hialenesulfonate to a greater extent than does EFTu-GDP. 
when EFTu-GTP is complexed with Phe-tRNA, however, its 
interaction with l-anilino-8-naphthalenesulfonate increases 
£e fluorescence of the dye only as much as EFTu-GDP does, 
"ration of a solution of the dye with excess protein shows 
"at both EFTu-GTP and EFTu-GDP produce the same 
™orescence enhancement, about 200-fold, for the tightest 
°°und dye. Equilibrium dialysis binding measurements indi- 
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ucleoside triphosphates perform three distinct functions 
111 organisms. They may be reagents or intermediates in 

j From the Roche Institute of Molecular Biology, Nutley, New Jersey 
v/| *0. Received August 17, 1973. 



cate that EFTu-GTP binds three molecules of the sulfonate 
dye with an apparent K di&s 2 X 10" 5 m, whereas EFTu- 
GDP binds two molecules with an apparent K dH * c~ 5-8 X 
10~ 5 m. Both complexes have at least one other population of 
more weakly bound dyes. It would appear from these data 
that differences in conformation between EFTu-GTP and 
EFT u-GDP are centered chiefly in a region of EFTu-GTP 
sensitive to AA-tRNA binding. However, further analysis of 
the fluorescence data indicates that somewhat more extensive 
conformational differences exist between the two nucleotide 
complexes of EFTu. Slope changes in the curve of the titration 
of l-anilino-8-naphthalenesulfonate by EFTu-GTP and in 
Scatchard plots of the fluorescence data indicate cooperativity 
in the fluorescence yield and thus interaction of the dye binding 
sites on EFTu-GTP. EFTu-GDP gives no evidence of site 
interaction. 



the synthesis or degradation of cellular components, where 
the formation of a phosphate ester intermediate is a favorable 
pathway for removing or adding the elements of water. The 
synthesis and degradation of glycogen are examples of this 
function. In contrast to these reactions, nucleoside triphos- 
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phates also promote cellular processes where phosphate ester 
formation seems to play no obligatory role. Among the ex- 
amples of this function are motile and contractile processes. 
A third and possibly related function of these compounds is to 
control biochemical reactions, as CTP regulates the activity of 
aspartate transcarbamoylase. 

The role of GTP in the binding of aminoacyL-tRNA (AA- 
tRNA) 1 to ribosomes bears a resemblance both to the function 
of ATP in motile systems and to the regulatory role of CTP. 
In the process of protein biosynthesis in prokaryotes, GTP 
promotes the binding of AA-tRNA to ribosomes in the pres- 
ence of mRNA and elongation factor Tu (EFTu). 2 Arnino- 
acyl-tRNA and EFTu-GTP readily form the ternary complex 
AA-tRNA-EFTu-GTP (Weissbach et a/., 1970), which inter- 
acts with the mRNA-ribosome complex. As a result of this 
interaction, AA-tRNA is bound to the ribosome, the GTP in 
the ternary complex is hydrolyzed, and EFTu-GDP, which 
does not bind to AA-tRNA, is released. 

The EFTu-GDP complex is very stable, having a dissocia- 
tion constant in the range of 10- 8 -10 -9 m, whereas EFTu- 
GTP is about 100-fold less stable. The EFTu-GDP complex 
dissociates very slowly by itself; however, another protein, 
EFTs, catalyzes the exchange of GTP for GDP, thus complet- 
ing the cycle of reactions in the binding process. 

The details of this function of EFTu remain undetermined. 
There is some evidence that it alters the structure of the ribo- 
some (Chuang and Simpson, 1971). Other possibilities, at 
present unproved, are that the protein alters the structure of 
AA-tRNA, or provides additional binding sites for interaction 
of the ternary complex with the ribosome. Whatever the func- 
tion of EFTu in peptide chain elongation, the specificity of its 
interactions seems to be determined by which guanosine 
nucleotide is bound to it. Thus, the dissociation constant for 
AA-tRNA from EFTu-GTP is 10~ 8 M or less (Miller et ai, 
1973), whereas EFTu-GDP does not interact with AA-tRNA 
to a measurable extent; the dissociation constant of the hy- 
pothetical AA-tRNA-Tu-GDP complex must be greater than 

10" 4 M. 

We have postulated that this difference in reactivity is due to 
conformational differences between EFTu-GTP and EFTu- 
GDP. A previous study of tritium exchange rates provided 
evidence to support this concept (Printz and Miller, 1973). 
Tritiated EFTu-GTP exchanged some of its peptide bond 
hydrogens considerably more rapidly than EFTu-GDP did, 
and at certain times in the exchange process EFTu-GDP pos- 
sessed about 50% more unexchanged hydrogens than EFTu- 
GTP, suggesting that GDP induces a tightening of at least a 
portion of the tertiary structure of EFTu. In an effort to 
localize the conformational differences between the two com- 
plexes, and to relate them to their differential interaction with 
AA-tRNA, we have examined the binding of a fluorescent dye, 
l-anilino-8-naphthalenesulfonate, to the complexes of EFTu. 
Although this molecule has been shown to interact with a large 
number of proteins, the number of fluorescent binding sites 
per protein is usually small (Stryer, 1965; Daniel and Weber, 
1966; Brand, 1970). Furthermore, the fluorescence yield of the 
resulting protein-dye complex depends markedly upon the 
properties of the dye binding site, and is thought to increase 
with the hydrophobicity of the binding site (Brand and Gohlke, 
1972). 



i The following abbreviations are used: A A- (or Phe-) tRNA, amino* 
acyl- (or phenylalanyl-) tRNA; EFTu, EFTs, and EFG, elongation 
factors Tu.Ts, and G; GMP-PCP, guanylyl methylene diphosphonate. 

J For a review on the process of peptide chain elongation, see Lucas- 
Lenard and Lipmann (1971). 



Materials and Methods 

Preparation of EFTu Complexes. GDP, GTP, and dithio- 
threitol were obtained from Calbiochem. Methylenediphos- 
phonic acid- was a product of Miles Laboratories. GMP-Pcp 
was prepared by the morpholidate method (Moffatt and 
Khorana, 1961) and was crystallized as the disodium salt 
The disodium salt of l-anilino-8-naphthalenesulfonate, ob- 
tained from K & K Laboratories, was converted to the mag. 
nesium salt, treated with Norite, and recrystallized from water 
(Stryer, 1965). The molar extinction coefficient of the purified 
material was found to be 4.9 X 10 3 at 350 nm. Thin-layer 
chromatography revealed a single fluorescent component 
Purified Phe-tRNA from Escherichia coli (1600 pmol/^ 260 ) 
was prepared from a tRNA mixture (Schwarz-Mann) by 
benzoylated DEAE-cellulose chromatography (Gillam and 
Tener, 1971). The preparation of homogeneous EFTu as the 
EFTu-GDP complex has been described elsewhere (Miller 
and Weissbach, 1970, 1973). The EFTu-GMP-PCP complex 
was prepared by passing EFTu-GDP (10 mg) through a 90 X 
15 cm column of Bio-Gel P-4 polyacrylamide gel equilibrated 
with 50 mM Tris-HCl (pH 8.0), 0.1 ihm EDTA, 1 mM dithio- 
threitol, and 1 mM GMP-PCP. One pass through the column 
removed 80-90%. .of the GDP, whereas two passes removed ( 
95-97% of the GDP. 

To ensure that small differences in the protein preparations 
did not influence the results, both EFTu-GDP and EFTu- 
GTP were formed from a common intermediate, EFTu- 
GMP-PCP, by adding a small excess of the appropriate 
nucleotide. Since GMP-PCP is relatively loosely bound to 
EFTu, it is readily displaced by GTP or GDP. The extent of 
conversion of EFTu-GMP-PCP to EFTu-GTP or EFTu- 
GDP was determined by a Millipore filter assay using the ap- 
propriate tritium-labeled nucleotide. '7 

Fluorescence Measurements. All fluorescence measurements 
were made at 4° using an Aminco-Bowman spectrophoto- 
fluorometer with a ratio attachment. The instrument was 
routinely standardized with a solution of quinine sulfate (12 ' 
ppb) in 0.1 n H2SO4. The excitation and emission spectra of ail 
the complexes tested were found to be very similar, and an 
excitation wavelength of 350 nm and an emission wavelength 
of 470 nm were used for all titrations (the emission maxima 
for the complexes were approximately 480 nm, but the lower 
wavelength was used to minimize fluorescence of the free dye 
in aqueous solution). J 

All titrations were performed in 0.5-cm cuvets in a buffer of 
50 mM Tris-10 mM MgCU-l mM dithiothreitol, (pH 7.4). The 
solution to be titrated (250 m0 was added to the cuvet, the 
fluorescence was measured, and then microliter increments of 
titrant were added. After each addition of titrant the solution 
was stirred with a polyethylene rod and the fluorescence was 
remeasured after it arrived at a constant value (in titrations of ( 
the protein-nucleotide complexes the final fluorescence was 
achieved immediately; when Phe-tRNA was being added to ] 
. quench fluorescence, final readings were taken after approxi- 
mately 2 min). 

Three types of titrations were performed: (1) titrations i f 
.one of the EFTu complexes with l-anilino-8-naphthalenc s 
sulfonate (the sulfonate dye) to determine the extent of fluortf » 
cence enhancement; for these titrations the complex **. 
presentinthebuffersolutionataninitialconcentrationofl.O'' e 
10" fi m in the presence of a threefold excess of nucleotide; # a 
sulfonate solution used for titration was usually 2 X iO -1 ' p 
in sulfonate dye ; for titrations in the early region of the curve' P 
titrant solution of 2 X 10" 4 m sulfonate dye was used;? S1 
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ncuu 1 : Titration of EFTu-GTP and EFTu-GDP by l-anilino-8- 
naphthalenesulfonate (ANS) : (o) EFTu-GTP; (•) EFTu-GDP 
Fluorescence is in arbitrary units. 

titration of the sulfonate with an EFTu complex to determine 
the fluorescence yield of the most tightly bound dye and its 
affinity for the protein; the dye was present in the buffer solu- 
tion at an initial concentration of 2 X 10- m, to which incre- 
ments of EFTu complex were added from a solution contain- 
ing 1 X 10-< m protein and 3 X 10— m nucleotide; (3) titration 
of a .dye-EFTu complex solution with Phe-tRNA to measure 
its quenching effect; a titration in the early region of the curve 
was performed as described in 1, followed by incremental addi- 
tions of microliter amounts of a 6 X 10" s m solution of Phe- 
tRNA. 

Blank corrections were made as follows. In all titrations cor- 
rections were made for dilution (which never exceeded 107) 
and absorbance, which reached 0.25 at 350 nm at the highest 
concentration of dye used. In type 1 titrations correction was 
made for free dye by the method of Thompson and Yielding 
[\mi In type 2 titrations an additional correction was made 
or the contribution of the protein-complex solution to the 
fluorescence. Finally, the contribution of the Phe-tRNA solu- 
tion to the measured fluorescence was also corrected for in 
type 3 titrations. 

Equilibrium Dialysis. Equilibrium dialysis was performed at 
4 in cells manufactured by Technilab Instruments. The usual 
buffer solution (0.5 ml) containing a range of l-anilino-8- 
naphthalenesulfonate concentrations (4 X 10~ 5 to 1 X IO^ m) 
were placed in both chambers of the dialysis cells. A fixed 
protein-nucleotide complex concentration of 3 X 10~ 5 -1 0 X 
^ m was included in the solution on one side of each cell 
«ter 5 hr, a time at which control experiments showed dialysis 
* be complete, the optical density at 350 nm of each chamber 
*as measured, and the value was corrected for the protein 
^ntnbution. The- solutions on both sides of the cell con- 

SStT 1 " 1 * of GDP or GTP three times the protein 

Results 

Vyscence of Dye-Tu-GDP and Dye-Tu-GTP. The con- 
mational difference between the two complexes first ob- 
ea by tritium exchange studies was reflected also in their 
eraction with the sulfonate dye. The titration curves ob- 
nea by adding small increments of a l-anilino-8-naphthal- 
tuitonate solution to either EFTu-GDP or EFTu-GTP 
shown m Figure 1. Upon addition of dye to either com- 
, the wavelength of maximum emission shifted from ap- 
ximately 530 nm (dye in aqueous solution) to 480 nm 
*r to the dye in ethanol. Although the excitation and 
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FIGURE 2: 



EFT., rxp EffeCt of . Phe - tRNA upon the fluorescence of dye- 
criu-OTP; comparison with dye-EFTu-GDP At the mint in 

AN^Se d 0 l E f rU - GTP by ^^^^^iZ^^ 
IAN!>) marked by an arrow, an equimolar amount of Phe-tRNA 

^atLn ofEFTuV^ TP 1 S ° IUti0n ^ <3^S 
no Phe tR^HH h h bV - ^"'•"'o-S-naphthatenesulfonate (ANS); 
m~ :> add , ed durmg t,lra »on; (A) titration of EFu-GTTP 
befo e adition of Phe-tRNA; (a) titration of EFTu-GTP after 

Phe tRNA f J^ A; ^ C ° ntr01 titrati ° n 0f EFTu-g5p no 
rne-tKNA added during titration. 

emission spectra of the two dye-EFTu complexes were identi- 
cal (data not shown), dye-EFTu-GDP consistently gave con- 
siderably less fluorescence than the dye-EFTu-GTP complex 
throughout the titration. 

Effect of Phe-tRNA on the Fluorescence of Dye-EFTu-GTP 
and Dye-EFT u-GDP. In an attempt to determine whether this 
difference could be related to specific differences on the sur- 

™ U_GTP and EFTu -GDP, we measured the effect . 
of Phe-tRNA on the fluorescence of the protein-dye com- 
plexes. Figure 2 shows that a stoichiometric addition of Phe- 
tRNA to EFTu-GTP midway through sulfonate dye titra- 
tion caused the fluorescence of the solution to decrease to a 
value corresponding to an identical concentration of EFTu- 
GDP. Further increments of dye produced a titration curve 
similar to the EFTu-GDP titration run as a control. In a 
parallel experiment, addition of the same amount of Phe- 
tRNA to EFTu-GDP produced no net change in fluorescence 
The specificity and extent of the fluorescence-diminishing 
effect of Phe-tRNA was tested by adding increments of Phe- 
tRNA to a solution of EFTu-GDP or EFTu-GTP pre- 
dated with l-anilino-8-naphthalenesulfonate. As Figure 3 A 
shows, a sharp decrease in fluorescence was observed with 
EFTu-GTP, which leveled off as the Phe -tRN A/(EFTu- 
GTP) ratio approached unity. As the Phe -tRN A/(EFTu- 
GTP) ratio was further increased, the fluorescence again de- 
creased, leveling out a second time as the Phe-tRNA/(EFTu- 
GTP) ratio approached 3. The addition of Phe-tRNA to dye- 
EFTu-GDP (Figure 3A) caused only a gradual decrease in 
fluorescence at high concentrations of Phe-tRNA. Deacylated 
Phe-tRNA had no net effect upon the fluorescence of either 
dye-protein-nucleotide complex. It would seem that Phe- 
tRNA has two modes of interaction with EFTu, a specific 
stoichiometric interaction with the form of EFTu that binds 
GTP, and a nonspecific interaction that occurs at higher Phe- 
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figure 3: Ability of Phe-tRNA to quench fluorescence of dye- 
EFTu-GDP and dye-EFTu-GTP: (A) EFTu-GTP; (B) EFTu- 
GDP; (O) titration by l-anilino-8-naphthalenesulfonate (ANS); 
(•) fluorescence of titrated solution after incremental additions- of 
Phe-tRNA. 

tRNA/EFTu ratios and differentiates much less strongly be- 
tween the two forms of EFTu. 

Quantitation of l-AnilinoS-naphthalenesulfonate Binding. 
On the basis of the titration curves, it would appear that 
sulfonate binding is a sensitive indicator of the conformational 
differences between the two EFTu complexes that provides for 
the very selective binding of AA-tRNA by EFTu-GTP. In 
the absence of further quantitative information, however, it is 
not possible to conclude whether the conformational dif- 
ference between the two forms of EFTu is confined to a local 
area directly involved in AA-tRNA binding, or if a major con- 
formational difference exists with the identity of the EFTu- 
GDP and AA-tRNA-EFTu-GTP titration curves being a 
matter of coincidence. 

Quantitation of the fluorescence results requires the 
fluorescence yield(s) of the bound dyes. If all of the bound, 
dyes are approximately equivalent, the fluorescence yield can 
be obtained by titrating a solution of dye with excess protein 
(Weber and Young, 1964). Double reciprocal plots of such 
data are shown for the two forms of EFTu in Figures 4 and 
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figure 4- Double reciprocal plot of titration of l-anilino-8-naph- 
thalenesulfonate (ANS) by EFTu-GTP; 0.97 X 10"* m EFTu- 
GTP containing 2 X 10' 6 m dye was added in small increments to 
2 X 10~ fl m dye. 
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figure 5: Double reciprocal plot of titration of l-anilino-8-naphtha-, , 
lenesulfonate (ANS) by EFTu-GDP; 0.43 X 10~ 4 m EFTu-GDp;: 
containing 2 X 10" 6 m dye was added in small increments to 2 >£; 
1CT 6 m dye. .,,§;■ 



5. Both curves show slope changes as the protein concentration^ 
increases. In the absence of other information, there are several ; 
possible explanations for this type of behavior. The biphasic:, 
nature of the EFTu-GDP curve could result from two popula^ 
tions of binding sites having the same fluorescence yield and ; 
differing affinities for the dye, or alternatively two populations) 
differing in both characteristics. The EFTu-GTP curve J| 
still more complex, having at least two slope changes in thj| 
binding region of interest. Some complexity was expected 
because of the sigmoidal nature of the early region of the ly 
anilino-8-naphthalenesulfonate titration curve (Figure lg 
This type of curve usually reflects cooperativity of binding^ 
and the increase in slope in Figure 4 designated as region b/i| 
consistent with this interpretation. However, the same tyjeg 
of behavior would be seen if the second population of d^ 
binding sites had a higher fluorescence yield than the first. 

Although no simple analysis can be made of regions h.an<| 
c, in the region of large excess protein (region a) both reciprorj 
cal curves extrapolate to the same intercept and give a fluores^ 
cence yield for the most tightly bound dye molecule of 70| 
in arbitrary units, about a 200-fold increase over t&r 
fluorescence of l-anilino-8-naphthalenesulfonate alone i| 
aqueous solution at 470 nm. The apparent dissociation a>ffi- 
stants determined from the respective reciprocal plots differ^ 
however, extrapolation to the l/[EFTu] intercept yields: 
Kdiss - 1.7 X 10- 6 m for EFTu-GTP and 8,0 X 10" 5 M for 
EFTu-GDP. When these fluorescence yield values are used 
to treat the titration data of the two forms of EFTu by the- 
method of Scatchard et al (1956), the curves shown in Figure^ 
6 result. These curves are subject to the same difficulties i* 
interpretation as the double reciprocal plots. The conve| 
nature of the curves is to be expected if cooperativity exisf 
among the l-aniUno-8-naphthalenesulfonate binding sitesf 
as analyzed and discussed by Cassman and King (1972)* 
However, the same type of curve could result from varying; 
fluorescence yields. % 

Because of the apparent complexities of the fluoresced « 
binding data, equilibrium dialysis measurements were used J 
obtain binding information by an independent method, ■ 
though the amount of EFTu complex required prohibited to 
extensive use of this technique. The results from these expert; 
ments for both forms of EFTu are shown in Figure 7. EFT* 
GDP binds a large number of 1 -anilino-8-naphthalenesuli_ 
nate molecules very weakly. Clearly differentiated from the* 
sites are the two tight-binding sites with an apparent K<u** 
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figure 6: Scatchard plots, fluorescence data of l-anilino-8-naohtha- 
lenesulfonate (ANS) titration of EFTu-GTP and E^u-GDP 
* number of moles of dye bound per mole of EFTu, calculated on 
he basis of a micromolar fluorescence yield of 70: A concentra" 
tion of free dye; (A) EFTu-GDP; (B) EFTu-GTP concentra 



4.7 X 10 6 m. Equilibrium dialysis of dye-EFTu-GTP yields 
three dye molecules bound tightly (K disa « 1.9 X 10"^ M ) 
and at least two additional molecules bound much less 
tightly. 

Interaction of EFT s with EFTu-GDP and EFTu-GTP The 
faction - of EFTs seems to be to facilitate the replacement of 

^ pJt ^ n EFTu by first displacing GDP ' f ™e 

S EFTS 15 th6n displaced ^ In vitro the 

£» fit °° mpleX ° an be formed from either EFTu- 

S 0I p^ U ;S P - 11 W3S ° finterest t0 determine ^ "ature 
t the EFTu-EFTs complex in terms of its ability to bind 

S? ^T^ 1 ™^ 0 ™*- When EFTs wa * added to 
ik u and th e solution titrated with dye (Figure 8) 
he resulting titration curve was equal to the sum of the in 
mdual EFTu-^DP and EFTs titration curves, indicating 

FTu G tp a l E " S " P ° n the dye - bindin * P ro P e ^s of 
i When EFTs was added to a partially titrated 

£S ° f E /T U t TP ' " et fl ™ce P of thLmS 

2 m ' 3 m ther tltration produced a curve 

supenmposable upon a control EFTu-GDP titration curve, 
"would be required by the thermodynamics of the system. 
Fo the extent that l-anilino-8-naphthalenesulfonate binding 
■an indication of conformation, EFTu in EFTu-EFTs is 
«nular to that form which binds GDP 

That EFTs diminishes the fluorescence of dye-EFTu- 
cen^ 6 ? 1^ the Previ0us ob! *rvations that the fluores- 
S ? e ^ U ~ GTP iS than that of ^"EFTu- 

EPTu'-^np !7 S r 068 n0t 3lter the fluor ^cence of dye- 
u-ODP; therefore, these observations constitute a test 
the consistency of the system. That EFTu in the EFTu- 
»« complex resembles EFTu-GDP rather than EFTu- 

EPT, ^ g ^ u 6 bee " CXpeCted ' since EFTu when bound to 
s should be in a form that does not bind AA-tRNA 

f 'ci S°n' t f SPlaCement ° f GDP by EFTs would be 
"ated if little or no conformational change were involved. 

Wsion 

•to 'iyi n °l DyS WUh EFTu - GDP - Ti * equilibrium dialysis 
and the fluorescence data can be rationalized if one as- 



5 0020 




InTI™, S ^ hard P lot s, equilibrium dialysis of EFTu-GDP 
;„f"f T w " h l-anilino-8-naphthalenesulfonate (ANSV 

= 3.0 X l^u i to&&^*^>«>> CEFTu-GTP] 

la U u m on?o d f h e ^ nCe in flu0reSCence * eld between the two popu- 
ations of bmding sites. Thus, there are two sites of *L = 
5-8 X 10-* M with micromolar fluorescence yield of 70 cor- 
responding to region a of the double reciprocal plot, and a 
7uu S lT htT ° f ° tHer Sites > responding to region b 

ntufe ofl fl ^ flU ° reSCe mUCh m ° re WeaMy - ™ e ™™ 
ZtLt n "°™<*™ Scatchard plot could arise from the 
fact that a constant, high fluorescence yield was used to calcu- 
late n whereas a decreasing, composite value of the fluores- 
cence yield would be more valid. 

fraction of Dye with EFTu-GTP. The equilibrium dialysis 
da a indicate that there are three equivalent dyes bound 

tion of less tightly bound dyes. The fluorescence data indLte 
that the second dye molecule that interacts with EFTu-GTP 
has, in effect, a higher fluorescence yield than the first dye In 
order o satisfy both the equilibrium dialysis data for site 
equivalency and the fluorescence data for site difference it is 

suTZ t0 P °S Ulate 3 kind Qf C00 P era ^ty of fluorescence, 
such that regardless which site is first occup.ed, giving rise to 




(ANS) (mMJ 



ff?M^ T p^ ^°^ he S0luti0n being titrated was made 2 X 
(A) EFTu GTP ^ EF T"- GTP v(°) EFTu-GDP (control curved 
I EFTu-GTP after addition of EFTs and correction for EFTs 
enhancement of fluorescent '-orrccuon ior tf is 



region a of Figure 4, the second and third sites will have an 
apparent higher fluorescence yield. This would result in the 
slope increase seen in region b of the double reciprocal plot 
and in the fluorescence Scatchard plot. The final decrease in 
slope of region c of Figure 4 would be due to the decreased 
fluorescence yield of the more weakly bound dyes indicated 
somewhat incompletely in the equilibrium dialysis data. 

Conformational Differences between EFTu-GTP and EFTu- 
GDP as Evidenced by l-Anilino-8-naphthaienesulfonate Bind- 
ing. Although binding of AA-tRNA appears to cancel the 
difference between the two complexes in terms of their over- 
, all interaction with l-anilino-8-naphthaIenesulfonate, it is 
not possible to conclude that their conformational difference 
is localized to the AA-tRNA binding site. The observed dif- 
ferences in dissociation constant and fluorescence yield of the 
bound dye molecules could, however, be due to small pertur- 
bations in basically similar sites. Indeed, circular dichroic 
(CD) studies of EFTu-GDP and EFTu-GTP show no de- 
tectable differences in conformation (data not shown). 

The assumption throughout this work has been that dif- 
ferential binding of the sulfonate by the two complexes truly 
reflected differences in conformation. The other possibility, 
that differential binding is due to selective binding to the 
nucleotides, is highly unlikely. Both complexes show a high 
and identical specificity for guanosine; close analogs such as 
the di- and triphosphates of inosine and xanthosine show no 
affinity for EFTu. Thus, the guanosine moiety is probably 
bound to the protein and is unavailable for interaction with 
the dye in both complexes. The additional phosphate moiety 
of GTP is also not likely to cause enhanced binding of the 
anion l-anilino-8-naphthalenesulfonate. 

Function of EFTu, Whereas the results from these experi- 
ments and the tritium exchange studies support the view that 
GTP induces EFTu to assume a conformation that selectively 
binds AA-tRNA, little is known about subsequent functions 
of EFTu-GTP. Whether the interaction of EFTu-GTP with 
AA-tRNA causes a significant alteration in the structure of 
the tRNA is uncertain. Nmr studies of the base-pair hydrogen 
bonds in - AA-tRNA show that interaction with EFTu-GTP 
does not change the extent of base pairing in tRNA (C. 
Hilbert et al., submitted for publication); however, changes 
in the tertiary structure of AA-tRNA are still possible. Al- 
though details of the reaction of the ternary complex with the 
ribosome remain unclear, it appears that the conformational 
change accompanying the hydrolysis of GTP to GDP allows 
EFTu to be removed from the ribosome, freeing the amino- 
acyl group for peptide bond formation. GDP is then displaced 
by EFTs with no apparent conformation change in EFTu; 
the cycle of reactions is complete when GTP interacts with the' 
EFTu-EFTs complex to change the conformation of EFTu 
into its AA-tRNA binding form. 

EFTu-GTP as a Model for the Function of Nucleoside Poly- 
phosphates. The role of GTP in the function of EFTu re- 
sembles the role of other nucleoside polyphosphates in the 
function of motile protein systems and allosteric enzymes. 
As examples, GTP is an essential effector for CTP synthetase 
when glutamine is the nitrogen donor (Levitzki and Koshland, 
1972) and CTP is an allosteric inhibitor of aspartate trans- 
carbamoylase. These effects are thought to be transmitted to 
the active site by conformational changes induced by the 
allosteric ligand; however, other explanations must be con- 
sidered. In the case of aspartate transcarbamoylase, CTP may 
inhibit the enzyme by a steric effect rather than a conforma- 
tional alteration (Warren et al., 1973), The validity of this 
proposal can be tested; however, it is unlikely that this hy- 
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pothesis can be extended to explain allosteric acceleration-* 
Fluorescence studies have previously identified conforms 
tional changes induced by nucleotide allosteric effectors {' 
a study of the binding of l-aniUno-8-naphthalenesulfonate t! 
phosphofructokinase, the allosteric effector AMP greatly H 
creased the fluorescence of the dye-phosphofructokinase corn* 
plex. 

Nevertheless, these enzymes are usually multisubunit copy 
piexes, and sometimes, as is true of aspartate trans: 
carbamylase, the regulatory and catalytic sites are on dif- 
ferent types of subunits. These properties complicate studij 
of conformational changes. Similarly, the proteins involved in 
motility, such as actomyosin, the dynein-tubulin complex 0 f 
cilia, and the EFG-ribosome-mRNA complex are mulfc 
protein aggregates where the primary function of ATP rj 
GTP is extremely difficult to identify, although there £ 
evidence that the triphosphates induce different conformi 
tional states than the diphosphates do (Schaub and Waiter. 
son, 1973; Cheung, 1969; Werber etaL, 1972). % 
Motile systems could be related to allosteric systems | 
that both processes could be initiated by a conformational 
change induced by a nucleoside triphosphate (Hill, 1969V 
The former process could be reversed by the dissociation of 
the inducer, whereas the motile system could be rendered uni! 
directional and irreversible by hydrolysis of the inducer tS 
gether with additional interactions between the component 
after the hydrolytic step. This idea becomes more attractive 
with the demonstration that a nucleoside triphosphate c| 
promote a significant conformational change upon binding! 
a relatively small, simple protein of one polypeptide chain. I 
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Kinetic Properties of Phenylalanyl-tRNA and Seryl-tRNA Synthetases 
for Normal Substrates and Fluorescent Analogs 
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strate, the deviation from linearity in the Lineweaver BnrfTS? ^ 1 ?l Vamble Sub " 

substrate. The Lineweaver-Burk plots for serine and tRNAS« r aS Vamble 

sites for each of these substrates. The kinetic data for 4TP m l possesses at least two binding 

adenosine was replaced by ethenoadenosine, were prepared by^ C C 1 2^ 3 *!T^ 
reaction of eATP These modifier) fRMAo i . Ci ° P re P area °y a ^-t-A transferase-catalyzed 



0fhKrbtthd a y r ° fe8SOr A - B " tenandt « «* occasion 

Durii i4r ^ l 'T- f^P' 3 -0- D -ribofurano3vlimidazo[2,l-i% 
K tRNA °7rnta' S 6 -^enoadeno S me triphoi- 
EJ if AeA ' u tRN ^ whlcl1 has «■ 3'-terminal adenosine 
adenoaL I e . then ^denosme; Phe-ol-pA, phenylalanine 
Phosphate. PP; Ser -°'-P A ' ""^yl adenosine 
servf^lT - P W la lanyl-tRNA synthetase (EC 6.1.1-)- 

diesteras^ T(EC 3!^ 1) 2 - 7 - 7 ' 25 >: snake ™«m phospho- 

Wnfd^'^"?" ^ M0(S8 ? ) unit ' the 9 ua ntity of material con- 
at 260 Sw, V° lut1011 which has an absorbance of 1 
length ( «F-wL when """fS?* in 1 cel1 ™ ta l-<an Path- 
»°n Im'pJr • ' a PP arent Michaelis constant obtained in 
^ta at hL^ ne ,, W ! a ? r " Burk P lot3 b y extrapolation of the 
» at high substrate concentration to the 1/[S1 axis 



The mechanism and specificity of action of amino- 
acyl-tKNA synthetases are of considerable current 
interest (Summaries, e.g. [1,2]). In this laboratory 
we have concerned ourselves with the phenylalanyl- 
tKJMAandseryl-tRNA synthetases from yeast. Phenyl- 
alanyl-tRNA synthetase is a tetramer of the <x t B„ 
type, with a molecular weight of about 240000 [3] and" 
seryl-tRNA synthetase is a dimer with a molecular 
waght of about 120000 [4-6]. The two synthetases 
have already been the subject of rather extensive 
studies m this laboratory. The interactions between 
the synthetases and their substrates have been in- 
vestigated by fluorescence methods [4,5,7] Some 
information on the topology of the synthetase ■ tRNA 
complexes was obtained by partial nuclease digestion 
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[8]. The regions of the tRNA molecules which are 
essential for aminoacylation by synthetases were 
defined by numerous methods, for example through 
studies of fragments of tRNA plie [9] and tRNASer 
[10]. 

The purpose of the present investigation was to 
complement the interaction studies by a detailed ex- 
amination of the aminoacylation kinetics of tRNA Ser 
and tRNA Phe and of fluorescent derivatives of these 
tRNAs. These derivatives, tRNAf« r and tRNA?* e , 
..were prepared by a C-C-A transferase- catalyzed 
reaction of l,iV 6 -ethenoadenosine 5 '-triphosphate 
(sATP), which had been synthesized according to 
Barrio \i al. [11]. The comparison of the kinetic 
parameters of the fluorescent derivatives with those 
of the natural substrates is important for the evalua- 
tion of fluorometric binding studies. 

MATERIALS AND METHODS 
tRNAs and Enzymes 

tRNA Phe and tRNA Ser were prepared from 
baker's and brewer's yeasts [12,13]. The acceptor 
activities of the tRNAs from baker's yeast are listed 
in Table 1. If not otherwise stated tRNA Phe and 
tRNA Ser from brewer's yeast were used. These tRNAs 
accepted in the standard aminoacylation assay [14] 
more than 1.1 nmol phenylalanine/^ 260 unit and 
1.0 nmol serine/^ 26 o unit, respectively. 

Phenylalanyl-tRNA synthetase and seryl-tRNA 
synthetase from yeast were prepared in cooperation 
with R. Hirsch as described previously [3—5,15] 
(and R. Hirsch, unpublished work) and had the pre- 
viously described properties [4,5]; some samples 
were generously provided by R. Hirsch. One A iSQ 
unit phenylalanyl-tRNA synthetase and seryl- 
tRNA synthetase were taken to be 1 mg and 0.82 mg, 
respectively. C-C-A transferase (0.026 units [16]/ii. ao 
unit) was a gift from H. Overath and snake venom 
phosphodiesterase was obtained from Boehringer- 
Mannheim GmbH (Mannheim, W.Germany). 

[ 14 C]Phenylalanine and [ u C]serine were products 
of the Radiochemical Centre (Amersham). Na 2 ATP 
was purchased from Papierwerke Waldhof- AschafTen- 
burg (Mannheim, W. Germany). 

Preparation of Aminoalkyl Adenylates 
Phenylalaninyl adenosine 5'-phosphate (Phe-ol- 
pA, I) was prepared according to the method of 
Sandrin and- Boissonnas [17]. 

Serinyl adenosine 5'-phosphate (Ser-ol-pA, II): 
the starting material, iV-(J-butoxycarbonyl)-0-(£- 
butyl)-serine dicyclohexylammonium salt was pre- 
pared by 5\ Drees and E. Wiinsch through acylation 
of 0-(*-butyl)-serine [18] and was kindly donated. 
2.2 g (5 mmol) of this compound was converted to 
the free acid [19] and esterified with diazomethane. 



Table 1. Amino-acid acceptance of baker's yeast tR^ s 
Amino acid incorporation was at 37 °C, for 20 min Trit^?' 
purified synthetases, otherwise as previously described [\$\ 
0.1 mU C-C-A transferase was used per 0.1 ml incubation 
mixture 




Substance 
tested 



C-C-A 
transferase 



Incorporation 
of amino acid 
per A u * unit 



Incorporation^' 



tRNA Phe 
tRNA plie 
tRNA"- 
tRNA Ser 
tRNA Ser 
tRNAjr 



+ 



V. 

950 
25 
900 
1180 
20 
840 



7. 

100 
2.6 
95 
100 

1.5 
71 



It 
I 



0.54 g (2.0 mmol) of the ester was dissolved in 30 mfrf 
absolute tetrahydrofuran and 2.5 g (>0.1 mol) LiBH { ^ 
was added with constant stirring and outer coolingj 
(similar to [20]). The reaction mixture was heated for? 
24 h at 75 —80 °C under reflux conditions with exclu-l 
sion of moisture. After cooling, 20 ml of a water/; 
saturated n-butanol solution were added and tha|V 
mixture stirred until gas evolution ceased. The pre^i 
cipitate was filtered and boiled three times with 30 m|) 
n-butanol. The combined solutions were concentrated^ 
to dryness, the residual oil dissolved in 20 ml ether 
and extracted three times with 10 ml water eacH| 
The ether solution was then dried over anhydrous| 
sodium sulfate and evaporated to dryness to yieldl 
0.358 g (1.45 mmol) of tf-^butoxycarbonyl).0| 
(f-butyl)-serinol. The structure of this compound^ 
and the previous ester were confirmed by mass specf 
trometry. % 
The serinol derivative was further reacted with 
N J 0 2 ' ) D 3 '-triacetyladenosine-5'-phosphate [21] acj 
cording to the procedure of Sandrin and Boissonna| 
[17], to yield 0.126 g (0.22 mmol) iV-^butoxycarbth; 
nyl)-0-(*-butyl)-serinyl adenosine 5'-phosphate. Tti| 
oily product was homogeneous on silica-gel thin- 
layer chromatography using acetone —water (8:2^ 
v/v) as the solvent system (detection by ultraviolej 
and periodate-benzidine [22]). j§ 
The protecting groups were removed by allowing 
the product to react 5 min at room temperature i§ 
1 ml trifluoroacetic acid and then evaporating i| 
dryness on a rotary evaporator. Thin-layer chromato| 
raphy using the same conditions as above revealei 
three major spots, of which only the one with tk 
lowest JS F value (0.25) was both ninhydrin and pen<)| 
date-benzidine. positive. 5.4 mg (0.013 mmol) of tfo 
compound were isolated by kieselgel column car0II *| 
tography, using acetone —water (8:2, v/v) as 
eluent. n | 

To confirm the structure of the Ser-ol-pA, 
A 2( . 0 units in 0.1 M sodium cacodylate buffer pHW 
containing 10 mM MgCL were digested with 6.4 uni|| 
[23] snake venom phosphodiesterase for 45 min | 
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37 °C and then applied directly to two silica-gel 
thin-layer plates, which were run in an acetone— H o 0 
(8:2, v/v) and a methanol— water— acetic acid 
(13:2:0.1, v/y/v) system, respectively. The chroma- 
tograms revealed cleavage of the product to 
serinol and adenosine 5'-phosphate, as shown by 
comparison with authentic samples. 




-CH-^-O-P-0CH 2N /°J 



HO OH 



I R 



! \J- CH >- 



H R s HOCH 2 - 



sATP, tRNA 



CA 



fATP was prepared according to the procedure 
of Barrio et al. [11] with the exception that chloro- 
acetaldehyde hemihydrate (Schuchardt, Munchen, 
W. Germany) was used as starting material. For the 
preparation of tRNAJf" and tRNAf* f 50 ^f O60 
units of each of these tRNAs isolated from baker's 
yeast (i.e. tRNAs lacking the 3'terrninal AMP) 
were incubated with S.6 mU [16] C-C-A transferase 
for 30 min at 37 °C. Each reaction was carried out in 
8 ml of a 12 mM eATP, 18 mM NH 4 C1, 18 mM MgCl 2 , 
and 30 mM Tris-HCl solution, adjusted to pH 7 with 
NaOH. After the 30-min reaction time, the mixture 
was diluted with an equal volume of water and loaded 
on a DEAE-Sephadex column (0.6 x 10 cm) previous- 
ly equilibrated with the following buffer: 20 mM 
sodium acetate, 12.5 mM MgCL, 0.3 M NaCl, pH 5.2. 
The column was washed with the buffer until the 
absorbance at 260 nm returned to baseline level and 
then eluted with buffer containing 1 M NaCl in order 
to obtain the tRNA?* e or tRNA^ r . 

Aminoacylation Kinetics 
Initial velocity values at each concentration of a 
variable substrate were based on time curves of 
6 ~7points per concentration. The kinetic experiments 
*ere performed at 24 °C and reactions were started 
& y addition of enzyme to a solution containing the 
substrates. For each data point on a time curve 50 
or 100 (J of incubation mixture were withdrawn 
an <* pipetted into cold 5°/ 0 trichloroacetic acid. The 
Precipitate was filtered on glass fiber filters and the 
ruf s ? re P ared for counting as previously described 
an h enzyme COnce ntrations were chosen 

ch that one was always operating in the range of 
^ear rate dependence (between 2 and 7 min maxi- 



mum).. The thus-determined initial velocity values 
were then plotted as a function of substrate concen- 
tration in Lineweaver-Burk plots [24]. 

Kinetic studies with phenylalanyl-tRNA synthet- 
ase (0.12—0.17 (ig/ml incubation mixture) were per- 
formed in 50 mM Tris-HCl pH 7.5, 15 mM MgCl 2 , 
0.3 yM bovine serum albumin and 4 mM glutathione 
(reduced). Unless otherwise specified, substrate con- 
centrations were as follows: 5 mM ATP, 38—50 llM 
phenylalanine, and 4 yM tRNA p ke. 

Kinetic studies with seryl-tRNA synthetase 
(0.42—0.85 jig/ml incubation mixture) were perform- 
ed in 50 mM Tris-HCl pH 7.5, 0.3 ^lM bovine serum 
albumin, 4 mM glutathione (reduced) and 100 mM 
KC1. Unless otherwise specified, substrate concentra- 
tions were as follows: 25 mM ATP, 30 mM MgCL, 
44-60 or 220 fxM serine, and 4 or 16 fiM tRNA Ser . 

Equilibrium-Dialysis Experiments 
Equilibrium dialyses were carried out at 4 °C in 
a lucite cell. Both chambers were 100 (J in size. Vis- 
king dialysis membranes, which had been boiled in 
water and soaked in the dialysis buffer, were employ- 
ed. The buffer was 50 mM Tris-HCl pH 7.5, 5 mM 
MgCl 2) 0.5*mM dithiothreitol and 100 mM KCL Each 
chamber was filled with 50 yl of solution, one con- 
taining the aminoacyl-tRNA synthetase and cognate 
tRNA and the other the 14 C-labeled substrate beino* 
investigated. ° 
Dialyses ran for 5—18 h, times which were pre- 
viously shown to be sufficient for complete equili- 
bration. At each of two time points three 5-fJ samples 
from the chambers were pipetted into vials containing 
5 ml of scintillation fluid (4 g Omnifluor dissolved in 
11 of 1:3 mixture of Triton X-100/toluene) and 
counted in a Packard Tri-Carb liquid scintillation 
spectrometer. 



RESULTS 
tENA eA 

tRNA^ r and tRNAJf were prepared from the 
corresponding baker's yeast tRNAs. According to 
aminoacylation experiments (Table 1), more than 
95% of the tRNA molecules lacked the 3'-terminal 
AMP. Cytosine was completely present according to 
incorporation experiments (not shown). tRNA?* e can 
be aminoacylated to the same extent as tRNA Phe 
from baker's yeast, to which the terminal AMP has. 
been added during the aminoacylation reaction. 
tRNAf£ r accepted approximately 70°/ 0 as much 
serine as the adenosine- containing tRNA Ser , Experi- 
ments showed that the C-C-A transferase was not 
limiting in the incubation mixture ; no attempts were 
made to obtain a tRNAf° r preparation, with full 
amino acid acceptor activity. 
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0.5 1.0 
1/[Phenytatanine] (p.M M ) 

Fig. 1. Determination of kinetic parameters for Phe4RNA Ph * 
formation with phenylalanine as the variable substrate. 

(A) Determination of V and K m for phenylalanine (• •), 

and the inhibitory effect of Phe-ol-pA on the aminoacylation 



1.0 2.0. 



5.0 10.0 20.0 
[Phenylalanine] (|iM) 

-A). For the inhibition 



studies 0.1 



reaction (A- 

Phe-oI-pA waa present. (B) Determination of the^ordeVof 
the reaction with respect to phenylalanine, according to the 
' empirical Hill equation (see text) 



Table 2. Results of kinetic experiments with phenylalanyURNA synthetase 
* or details of the conditions see Methods. For each substance the concentration range tested is specified. For Phe-oi 
studies, a fixed concentration of the inhibitor was used, and amino acid concentration was varied as in the experiments without 



Substance 


Concentration 


Km Or "Km" 




n 


V 


Phenylalanine 
Phe-ol-pA 

tRNA^he 

ATP 

tRNAJJ' 
eATP 


1-25 
0.1 

0.1-5 
50-10000 
0.033-5 
200-10000 


■ m 

4.4 

0.12 
800 

0.055 
2220 


. nM 

0.16 


0.97 
0.97 

1.0 
.■ 0.93 


timol • min -1 ■ mg protein -1 

varied between 0.26—0.57 
> depending on the batch 
1 of enzyme 

0.1S 
0.1S 



The fluorescence emission spectra of tRNA^ r 
and tRNAfjf 6 are the same as that of eATP [11,25], 
A corrected emission spectrum of tRNAff is pre- 
sented elsewhere [7]. Results of kinetic experiments 
with the modified tRNAs are presented below. 

Kinetic Studies with PhenylalanyURNA Synthetase 

The kinetics of the formation of Phe-tRNA Phe 
were reasonably straightforward. Standard condi- 
tions were employed with no new effort to optimize 
them. K m and V values were obtained by the method 
of Line weaver and Burk [24]. Interaction constants 
[n values) were determined from plots of reaction 
velocity vs substrate concentration according to the 
empirical Hill equation [26,27]. The results of the 
various experiments are summarized in Table 2. 

Results of experiments with Phe-ol-pA (Fig.lA) 
show that it is a potent inhitibor (Zj = 0.16 jaM), 
which competitively inhibits binding of phenyl- 
alanine (K m = 4.4 ^jlM) to its site on phenylalanyl- 
tRNA synthetase. A Hill plot (Fig. IB) of the 



kinetic data for aminoacylation, with phenylalanine 
as the variable substrate, gives an n value of 0.97. 

A comparison of the data for tRNA Pne and 
tRNA?* e (Fig. 2) shows that tRNA?* e has both a 
lower K m and leads to a lower V for the aminoacyla- 
tion reaction than is observed with tRNA Pie . 
Apparently the modified tRNA is bound somewhat 
tighter to the enzyme and is, under saturating.: 
conditions, aminoacylated somewhat slower than the f 
unmodified tRNA. / 

Kinetic experiments with ATP as limiting sub^ 
strate (Fig. 3 A) yielded linear Lineweaver-Burk 
plots in the concentration range 0.5— lOmM. Follow- 
ing unpublished results of Berther, Mayer and Dutler: 
we then also observed a deviation from linearity at-, 
low ATP concentrations. For this non-linear reci- 
procal plot and for those obtained with seryl-tRNA 
synthetase (see below) we have introduced "iTm" and: 
defined it as the apparent Michaelis constant obtained 
by extrapolation of the data at high substrate con- 
centration to the 1/[S] axis in the Lineweaver-Burk- 
plot. : 
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Kinetics of the aminoacylation reaction with 
^TP as variable substrate yielded a linear Line- 
we aver-Burk plot in the concentration range 0.2 to 
10 mM (Fig.3B). Attempts to obtain accurate rate 
determinations at lower sATP concentration than 
0,2 mM were unsuccessful. 
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synthetase in the aminoacylation reaction 



Kinetic Studies with SeryUENA Synthetase 

As can be seen from the Lineweaver-Burk plots 
(Fig.4-6), seiyl-tRNA synthetase does not exhibit 
normal Michaelis-Menten kinetics. Care was there- 
tore taken to optimize reaction conditions before 
detailed kinetic investigations were undertaken, 
ihe maximum rate of aminoacylation was found at 
a salt concentration of 80-120 mM KC1, and at a 
5-10mM excess of Mg*+ over ATP, which was opti- 
mized at i 25 mM. Results of kinetic experiments with 
seryi-tKNA synthetase are summarized in Table 3 

Kinetic experiments with Ser-ol-pA (Fig 4) 
indicate that it competitively inhibits the amko- 
acyiation reaction with respect to serine. In this case 
it was particularly difficult to obtain smooth curves 
From a number of independent experiments it 
appears, however, that the shapes of the curves 
were very similar to the ones obtained in the absence 
of inhibitor. Therefore the conclusion of competitive 
inhibition .seemed justified. In keeping with our 
definition ^ of «Z m " (see above), we have defined 
as the inhibition constant obtained from the 
ratio of slopes at high concentration, in the Line-' 
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weaver-Burk plot. Thus defined, serine has a 
of 40 yM and Ser-ol-pA a "K" of 0.6 (jlM. 

Kinetic experiments with tRNA s ® r as variable 
substrate were performed at two amino acid concen- 
trations. Only the experiments with 220 yM serine 
(Fig.5B) were in the region of amino acid saturation 
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Fig.4. Determination of V and "Km" for serine (Q O), 
and the inhibitory effect of Ser-ol-pA on the aminoacylation 

reaction (a For the inhibition studies 0.84 yM 

Ser-ol-pA was present 



111 

and yielded a maximal V value. The experime f ^ 
with 60fjdtf serine (Fig. 5 A) gave a lower V T^fl 
addition, the "Z m " for tRNA Ser was different at th%f 
two serine concentrations. The kinetic data obtain ^fl- 
at 60 (iM serine were evaluated by a Hill plot (Pig fjQvft | 
and yielded an interaction constant of I.77 
comparison of the kinetic data obtained with tRNASet i I 
and tRNA?£ r , both at 60 yM serine, shows thaft 
tRNA?* r has a slightly lower "K m n value and that 
V value obtained with the two substrates is abouF*" 
the same. $§ 

A plot of 1/v vs 1/[S] 2 [29] yields a straight line foS 
the data with tRNASer (Fig.5D) and serine (nofl 
shown) as the variable substrates. This is in agreed 
ment with the parabolic, concave -upwards, appeai0 
ance of the corresponding Lineweaver-Burk plots ancff 
confirms the quadratic dependence of substrate j0 
the double-reciprocal plots. ;||| 

Kinetic experiments with ATP as variable^ 
substrate were carried out at various fixed concentra- % 
tdons of serine and tRNA Ser (Pig. 6 A— C). TheseS 
variations in the fixe,d substrate concentrations .hav&f 
little effect on the "Z m " value. The .7 value fo§\ 
seryl-tRNA synthetase is, as above, raised by in- 
creasing the serine concentration from 44 to 220 |iMp 
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Fig. 5. Results of kinetic studies with tRNA StT or tRNA*? as 
variable substrate in the aminoacylation reaction. (A) Line- 
weaver-Burk plot, 60 jiM serine, tRNA Ser (□ □) or 

tRNAfi T (o 0) as variable substrate; (B) Lineweaver- 



Bui'k plot, 220 [iM serine, tRNA Ser as variable substrafej 
(C) determination of reaction order with respect to tRNA^ 
(data from A), according to the Hill equation; (D) P lot ?| 
1/v vs 1/[S] 2 for the tP*NA Ser data in (A) p 
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Equilibrium-Dialysis Studies with Phenylalanyl- 
tRNA and SeryURNA Synthetases 
As a supplement' to the data obtained from the 
kinetic studies, an attempt was made to determine 
by equilibrium dialysis, the number of binding sites 
on the enzyme for amino acid. In order to approach 
the conditions of the aminoacylation reaction, the 
ammo aad was dialyzed against enzyme plus tRNA 
lhe molar ratio of tRNA to enzyme was 2 : 1 and 1 • 1 
for the serine and phenylalanine systems, respective- 
ly. Ihe activities of the synthetases were the same 
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Pig. 7. Scatchard plot of results, of the equilibrium dialysis of 
L-phenylalanine with phenylalanyl-tRNA synthetase (16 uM ) 
and tRNA™' (16 pM) 



before and after dialysis. A Scatchard plot [30] for 
the data with phenylalanyl-tRNA synthetase is 
presented in Tig. 7. The scatter of the points should 
be less at higher synthetase concentrations, but the 
data in Fig. 7 are sufficient to indicate a single bind- 
ing site for phenylalanine per synthetase molecule 
with a binding constant of 10 mM -1 . The presence of a 
single binding site for phenylalanine was proven in an 
equilibrium dialysis experiment in which an equi- 
molar amount of synthetase and Phe-ol-pA was em- 
ployed. The Phe-ol-pA, the K x of which is 30-fold 
lower than the K m of phenylalanine, prevented amino 
acid binding to the synthetase completely. At enzyme 
concentrations up to 9.4 mg/ml, no amino acid bind- 
ing was evident with seryl-tRNA synthetase. Pre- 
liminary equilibrium dialysis experiments have been 
performed to determine the number of binding sites 
for ATP on seryl-tRNA synthetase. Also here a 
tRNA-to-enzyme ratio of 2 ; 1 was used. The results 
indicate at least two binding sites for ATP. 

DISCUSSION 

Detailed analysis of the kinetic properties of 
aminoacyl-tRNA synthetases should yield some infor- 
mation on the mechanism of synthetase -substrate 
interactions. Furthermore, a comparison of the 
kinetic properties of natural and modified substrates is 
valuable when modified substrates are being used in 
other interaction studies, such as fluorescence binding 
studies. With phenylalanyl-tRNA synthetase normal 
Michaehs-Menten kinetics were generally observed, 
the K m values lying in the concentration ranges 
reported for other aminoacyl-tRNA synthetases 
(see, e.g. [1,2,31,32]). With seryl-tRNA synthetase, 
on the other hand, normal Michaelis-Menten kinetics 



were not obtained. Since non-linear reciprocal pi 
were observed here, particular care was taken t 
exclude any stray effects. All curve forms report H 
were verified through multiple experiments and a 
completely reproducible. re 



Studies on Seryl-tBNA Synthetase 
Before performing detailed kinetic experiments 
the conditions for the seryl-tRNA synthetase' 
catalyzed aminoacylation reaction were optimized" 
The experimental parameters were found to differ 
considerably from the standard test conditions [4,33] 
By carrying out kinetic experiments in a buffer 
containing 100 mM KCl and a 5 mM excess of Mg 2 + 
over ATP (25 mM) a significant increase in V was , 
obtained. At saturating substrate concentrations 
and 24 °C, values of 0.20—0.44 (xmolxmg protein- 1 ' 
X min -1 (corresponding to a specific enzyme activity 
of 0.20—0.44 International Units and a molecular 
activity of 24—53 mol X mol~ l x min- 1 ) were deter- 
mined. It has been shown under standard test condi- 
tions [4] that 7 values obtained at the enzyme con-s 
centration required for the initial rate studies can be ^ 
approximately doubled when the enzyme concentra. ;: 
tioQ range is raised above 10 nM [5]. .ig 
With the optimized buffer conditions, studies of > 
the kinetics of Ser-tRNA Ser formation yielded non- 1 
linear reciprocal plots (Fig. 4— 6). The data fori 
tRNA Ser and serine as limiting substrates showed qua- f 
dratic dependence and became linear when 1/[S] 2 waat 
plotted on the abscissa (Fig. 5 D). The curves for ATPj 
showed a more complex dependence and could notf 
be simply linearized. Before discussing the implica-# 
tions of the data, a few comments about the theory of f 
such non-linear curves is appropriate. H 
Non-linear reciprocal plots occur when isoenzymes ^ 
or different active conformers of one enzyme are ? 
present, when one enzyme has two or more indepen- 1 
dent binding sites with different Michaelis cong 
stants, or when an enzyme exhibits cooperative -: 
binding effects (for a brief discussion, see [34]). j 
The last possibility is discussed in more detail. &:[ 
simple mathematical derivation of curved reciprocal.:; 
plots in the case of two -place enzymes is presented ; 
elsewhere [35]. Cooperative binding interactions may|; 
be negative (reciprocal plot is concave downward)" 
or positive (reciprocal plot is concave upward| 
corresponding to substrate activation or substrata' 
inhibition of the rate of the catalytic reaction. EC 
cases of positive cooperativity the binding of one. ; 
substrate molecule eases the binding of the next 
substrate molecule. In cases of negative cooperativ- 
ity, binding of one substrate molecule to the enzyme 
hinders the binding of the next molecule. However, ? 
a recent paper by Engel and Ferdinand [36] snows 
that curves with the same .general reciprocal pl°',| 
as seen in negative cooperativity can mathematical^ • 
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be explained by negative cooperativity followed by 
positive cooperativity affecting the catalytic rate 
constant. In reciprocal plots containing only one 
transition the question of only negative or negative- 
plus-positive cooperativity requires detailed knowl- 
edge of the abruptness of change between the two 
regions, a smooth concave curve sigriifying the first 
alternative and an abrupt change the second alter- 
native. 

The existence of consecutive negative and positive 
. " u cooperativity in the binding of one ligand to an 
i to differ^l J^^ycae has already been mathematically sub- 
ions U an-. A £ ? gtant iated by Teipel and Koshland [37]: if the rate 
• of equilibration between substrate and enzyme is 
rapid relative to the rate of catalysis, kinetic satura- 
tion' curves possessing an intermediate plateau 
j -f region can sometimes be explained by more than 
■ ; two substrate binding sites, with the relative magni- 
tude of the substrate binding or catalytic constants 
first decreasing and then increasing as the enzyme 
sites are occupied. The total number of such sites 
could be contained in several enzyme conformers or 
\ subunits with different affinities. 

In addition to results obtained from the Line- 
; weaver-Burk plots, the data from kinetic experi- 
ments have been evaluated according to the empirical 
Hill equation. The value n obtained from the slope 
■ of the Hill plot was denoted as an interaction con- 
stant by Changeux [38]. Assuming a single active 
enzyme conformer, the slope is a measure of the 
strength of interaction between binding sites. Hence, 
a value (see Table 3) of 1 signifies one substrate 
binding site or several independent binding sites. 
A value between 1 and 2 implies that at least two 
interacting active sites are present on the enzyme. 
The stronger the interaction between the sites, the 
closer the n value will come to the number of binding 
sites. Therefore, on an enzyme with cooperative 
binding sites the difference between n and the number 
of sites is a measure of the degree of cooperativity : 
the smaller the difference the higher the degree of 
cooperativity. At high and low substrate concentra- 
tions the slope of the Hill plot will curve off from 
the high n value and tend to flatten out with limiting 
slopes of 1 at either end. This is visible in Fig. 50 
where the curve gets flatter at the high log [tRNASer] 
values. 

With the above concepts in mind, at least a 
fpat 3,1 inter P retation of the kinetic data for Ser- 
WNASer formation is possible. For this ' inter- 
pretation, we favor arguments involving cooperativ- 
l 7 of binding sites although, of course, one cannot 
^ e out the other possibilities mentioned above, 
ased upon the reciprocal plots, it would appear that 
ere is positive cooperativity between the amino 
act binding sites and between the tRNASer binding 
^s. JV om the n yaiueg obtained from the Hm 
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cooperativity is also indicated, with 



minimum of two binding sites for each of the two 
substrates. In fluorescence studies [5], cooperativity 
has been previously indicated for the binding of 
tRNA s er to seryl-tRNA synthetase. In studies of 
protection against nuclease digestion [8] and in 
fluorescence measurements [5,7,39] two sites for 
tRNA Ser were obtained. Unfortunately attempts to 
determine serine binding sites by equilibrium dialysis 
were unsuccessful, due to the low binding constant 
(which correlates with the relatively high "K m "). 

The kinetic data with ATP as variable sub- 
strate, are considerably more complex than those 
for the other two substrates. The curve form of 
the reciprocal plots shows several steps with an 
intermediate plateau; this curve form furthermore 
changes with the tRNA and amino acid concen- 
trations. Although our data are more complex than 
the mathematical model [37], we favor as explana- 
tion of the shape of the curve that there are a series 
of consecutive negatively and positively interacting 
binding sites. The number of sites would appear to be 
greater than for the other substrates and variable 
depending upon concentration of other substrates. 
Probably some of the sites are unspecific and un- 
productive but in some way influential on the 
catalytic sites. In agreement with this model at 
least two binding sites for ATP were found in 
equilibrium dialysis and up to 10 in fluorescence 
measurements [39]. In this context it should be 
mentioned that sATP seems to follow normal 
Michaelis-Menten kinetics; possibly eATP fits into 
a catalytic site, but not into additional sites. 

Several researchers have reported kinetic data for 
seryl-tRNA synthetase with tRNA Ser as variable 
substrate [10,12,15,40,41]. Linear reciprocal plots 
were reported; this can be explained by technical 
reasons, such as the use of a narrower tRNA Ser 
concentration range, which did not allow easy deter- 
mination of the curvature of the plots. The K m 
values for tRNASer [10,12,15,40,41], however, are 
close to the "K m " given in this paper. Makman and 
Cantoni [15] also reported K m values for serine and 
ATP but did not specify the concentration ranges 
in which they were determined; again, the reported 
K m values are comparable to the "K m " values in 
this paper. 

Studies on Phenylalanyl-tENA Synthetase 

In comparison to the seryl-tRNA synthetase 
system, the kinetics of Phe-tRNA Ph e formation are 
much less complex. There is one binding site for 
tRNA^e on the synthetase according to gradient 
centrifugation [42], fluorescence ; measurements [7] 
and nuclease protection studies [8]. Also for phenyl- 
alanine one binding site was found by equilibrium 
dialysis. In agreement with these results the evalua- 
tion of the kinetic data in Hill plot format indicates 
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one (or several independent and equivalent) binding 
site(s) for tRNA Phe and phenylalanine. 

Berther, Mayer and Dutler (unpublished results) 
report non-linear kinetic data at high concentrations 
of phenylalanine. The results of equilibrium dialysis 
experiments, plus our K m value for phenylalanine 
(arid their first K m value) suggest that the deviation 
from linearity may be an induced effect at high 
substrate concentration. 

For ATP linear reciprocal plots were obtained 
yielding K m = 0.8 mM, a value comparable to those 
found by others [3,15]. H. Dutler pointed out to 
us that reciprocal plots for ATP were non-linear, 
approaching linearity only at low and high concen- 
trations of the varied substrate. Our data (Fig. 3) 
point to a rather abrupt transition between two linear 
regions which could be attributed to several binding 
sites (>2) for ATP with decreasing then increasing 
catalytic constants. A detailed investigation with 
curve fitting would be necessary to substantiate 
this detail. 

Experiments with Aminoalkyl Adenylates 
Aminoalkyl adenylates are valuable substances 
in the study of the mechanism of amino acid 
activation, since they interact with the synthetases 
in the presence of tRNA without leading to amino- 
acyl-tRNA formation [43,44]. The interactions can 
be observed in kinetic inhibition studies or in 
fluorescence experiments. We were interested in 
studying synthetase -tRNA interactions with syn- 
thetase molecules which had the other substrates, 
or better, non-reacting substrate analogs, bound 
to them. We therefore synthesized Phe-ol-pA and 
Ser-ol-pA, which were found to be competitive in* 
hibitors of the cognate aminoacyl-tRNA synthetases 
with respect to amino acid. In both cases, the ratio 
K m \Ki was of the same order of magnitude, indicat- 
ing similarly strong inhibition. Competition with 
respect to ATP was not investigated. In studies of 
phenylalanyl-tRNA synthetase protection of 
tRNA Phe against nuclease digestion, additional 
tRNA Phe protection was found when Phe-ol-pA was 
present [8]. This additional protection disappeared 
when the tRNA was aminoacylated, while in the 
absence of Phe-ol-pA no difference in protection 
was detected between charged and uncharged 
tRNA. In initial fluorescence polarization studies 
no change in binding of modified tRNAs to the 
cognate synthetase was observed, when up to 1 mM 
Phe-ol-pA or Ser-ol-pA was added [7], although 
the degree of polarization was influenced by ATP- 

eA- Containing tRNAs and eATP 

For the preparation of tRNA?l r and tRNA^ e , 
baker's yeast tRNAs were used, since these tRNAs 
lack the 3'4erminal AMP. As a result, in the 



kinetic experiments modified tRNAs from bake/? 
yeast were compared to unmodified tRNAs fr 0 V 
brewer's yeast.' Therefore, a comparison of ^ 
unmodified tRNAs from both sources is indicate^*' 
tRNA Ser from brewer's yeast consists of tv"^ 
major species [45], tRNAf and tRNA s 2 « whic Jv 
differ in only 3 nucleotides; tRNA Ser from bakery." 
yeast consists of only one major species, which jj'" 
identical to tRNA* er from brewer's yeast 
Since kinetic experiments with various separate^ 
tRNA Ser species have shown the tRNAs to be very? 
similar [12], the tRNA Ser species from baker's anf' 
brewer's yeast seem to be equivalent for 0ltt " 
purposes. 

The structure of tRNA Phe from baker's yeag^ 
has been elucidated [47] whereas no specific attempt; 
has been made to sequence tRNA Phe from brewer'r 
yeast. Nevertheless, in rather extensive studies o£> 
fragments of brewer's yeast tRNA Phe , no difference? 
from the baker's yeast tRNA Phe sequence were de- 
tected [9]. Thus, the phenylalanine -specific tRNAa 
from the two sources are not only equivalent for out 
purposes but are probably identical. | 

Bearing the foregoing in mind, one can conclude! 
that the interchangeable use of the tRNAs from tl$ 
two yeasts is justified. Moreover, the finding of onlyf 
small differences in the kinetic properties of the? 
e A- containing and the unmodified tRNAs indicates; 
that their modes of interaction with the synthetases" 
are rather similar. This answers the originally posel| 
question: there are no biochemical reasons against 
using the eA-modified tRNAs in place of the u£j 
modified ones in physicochemical studies. It seemed; 
particularly interesting to use tRNA SA . in fluorescent 
studies with aminoacyl-tRNA synthetase since thV 
fluorescent label must be at the catalytic site of ft 
enzyme during the aminoacylation process. Initial 
experiments along these lines show an increase ii| 
fluorescence intensity when seryl-tRNA synthetasej 
is added to a solution of tRNAff [7]. |j 

The finding that eATP functions in the anuntf 
acylation reaction with phenylalanyl-tRNA and^ 
seryl-tRNA synthetases is in agreement with tkj 
report of Secrist et al. on tyrosyl-tRNA synthetaa] 
from pig pancreas [48]. The detailed analysis pifef 
sented in this paper shows that, under conditio*! 
which are standard or optimal for ATP, eAB| 
■behaves rather differently. Although (and in somt| 
cases because) eATP is not equivalent to Al% 
eATP constitutes an interesting probe in the staijjj 
of synthetase interactions. 
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* ; - Note Added in Proof (6. 7. 1973). The experiments in this 
paper were performed with a phenylalanyl-tRNA synthetase 
preparation having the properties described by Easiolo et al 
t : hl Recently synthetase preparations were obtained (R 

i» .m-nnh honor] I fha nnK'»,';.. _r ■ 1 „. _} " 



& 



fcrsch, unpublished) the activity of which {in nmoles Phe 
, .mm' 1 ) approaches 2000 units/A 280 unit under assay condi. 
# tions similar to those of Fasiolo et al. [3] and 4000 units/A.™ 
g unit under the conditions of J. Schmidt et al. (1971) Bio" 
^^gitffry, 10, 3264-3268. In equilibrium dialysis experiment 
^- the affinity for phenylalanine was somewhat higher; as before 
P one binding site per synthetase molecule was found by dialy' 
f sis in the presence of 0, 0.5, and 1.0 mole Phe-ol-pA per mole 
0 f synthetase. In nuclease protection studies (W Horz 
r personal communication) the 1:1 stoichiometry of the 
& taNA*synthetase complexes remained as previously reported 
* (8J. The two groups of experiments indicate that the previ- 
0U3 Iy used phenylalanyl-tRKA synthetase preparations 
contained inactive but hgand binding enzyme molecules 

The equilibrium dialysis experiments with seryl-tKN^ 
synthetase were continued under the above described 
conditions using Isis 30'69" membranes from Societe des 
Usines Chimiques Rhone-Poulenc, Paris (obtained through 
fche courtesy of A. Richard). Two binding sites for ATP 
vrere observed, with binding constants of 2 x 10 4 1 ■ mol" 1 
and 0.5X10* 1- mol-i, respectively. This compares to the 
more than two binding sites for ATP, under aminoacylation 
conditions, which were indicated by the kinetic analysis 
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Fluorescent Affinity Labeling of Initiation Site on 
Ribonucleic Acid Polymerase of Escherichia colit ' 

Felicia Y.-H. Wu and Cheng-Wen Wu*-J 




abstract: A fluorescent analog of 6-methylthioinosinedi- 
carboxaldehyde (MMPR-OP) has been synthesized in which 
^.t&e^ methyl group is replaced by AKacetylaminoethyl)-!- 
naphthylamine-5-sulfonate. This fluorescent nucleotide analog 
(AMPR-OP) is a much more potent inhibitor of DNA de- 
pendent RNA polymerase of Escherichia colt than MMPR- 
OP. The concentration of AMPR-OP required to inhibit 50% 
of RNA polymerase activity is 7 X 10" 6 m as compared to 
5 X 10~< m for MMPR-OP. The noncompetitive inhibition of 
AMPR-OP with respect to nucleoside triphosphate suggests 
that AMPR-OP binds to a site on the enzyme involved in the 
initiation of RNA chains. The inhibition- of DNA dependent 
[ 32 P]PPi exchange reaction by low concentrations of AMPR- 
OP further support the contention that this compound 
primarily inhibits the initiation of RNA chains. When RNA 
polymerase was incubated with excess AMPR-OP followed by 



F 
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. luorescent probes have been used to provide insight into 
the structure, interactions, and dynamics of macromolecules. 
By systematically labeling multiple active sites of DNA de- 
pendent RNA polymerase of Escherichia coli with various 
fluorescent probes, we have examined the molecular mech- 
anism of gene transcription (Wu and Wu, 1973a-c). 

Recently, Spoor et al (1970) have shown that the periodate 
oxidation product of 6-methylmercaptopurine ribonucleoside 
(MMPR-OP) 1 inhibited Escherichia coli RNA polymerase by 
covalently binding to the initiation site (the first NTP site, 
Wu and Goldthwait, 1969; or the product terminus site, 
Krakow and Fronk, 1969) on the enzyme. The binding site 
has been shown to be an e'-amino group of a lysine residue in 
the /3 subunit of RNA polymerase. 

We report here the affinity labeling of Escherichia coli 
RNA polymerase with a fluorescent analog of MMPR-OP in 
which the methyl group is replaced by ^-(acetylaminoethyl)- 
l-naphthylamine-5-sulforiate (AMPR-OP, Figure 1). Like 
MMPR-OP, AMPR-OP also binds to the initiation site on the 
jS subunit. Although the AMPR-OP-labeled enzyme is cat- 
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1 Abbreviations used are: NTP, nucleoside triphosphate; PP l( inor- 
ganic pyrophosphate; 6-MPR, 6-mercaptopurine ribonucleoside; 
MMPR, 6-methylmercaptopurine ribonucleoside; MMPR-OP, oxida- 
tion product of MMPR, i.e., methylthioinosinedicarboxaldehyde; 
1,5 I-AENS, A r -(iodoacetylaminoethyl)-l-naphthylamine*5-sulfonate; 
AENS, A^-(acetylaminoethyl)-l-naphthylamine-5-sulfonate group ; 
AMPR, /v*-(acetyiaminoethyl)-l-naphthylamine-5-sulfonate derivative of 
6-MPR, 5-[[2-[[[(9-^D-ribofuranosyl-9^-purin-6.yl)thio]acetyl]aminoJ- 
ethyl]arnino]-l-naphthalenesulfonate; AMPR-OP, oxidation product of 
AMPR. 



NaBH< reduction, the dye was stoichiometrically bound to the 
enzyme. Sodium dodecyl sulfate polyacrylamide gel electro- ? 
phoresis of the denatured, labeled enzyme indicates that 
AMPR-OP is covalently attached to the j3 subunit of the ^ 
enzyme. Although the labeled enzyme is essentially inactive 
fluorescence studies show that it still retains the ability to bind 
DNA template and nucleoside triphosphates. The binding 0 f ^ 
nucleoside triphosphates is presumably to the second nucleo-^ 
tide site (the polymerization site) on the enzyme and it$'|l 
specificity is dependent on the template. Furthermore, upon ^ 
binding of the template and nucleoside triphosphates, the ^ 
enzyme undergoes conformational changes. Energy transfer 
. measurements indicate that the initiation site and rifampicin ¥i 
binding site are at least-37 A apart. Thus the inhibitory effects 'S 
of rifampicin on initiation of RNA chains is indirectly 
mediated through enzyme molecule. v p 

% 

alytically inactive, it still interacts with DNA template andfi 
nucleoside triphosphates. A model of the active sites of RNA?f 
polymerase consistent with the fluorescence spectroscopic re2j| 
suits is discussed. Furthermore, energy transfer measurements^ ' 
have been carried out to elucidate spatial and functional rej|^ 
lationships between the initiation site on the enzyme and the f 
binding site of rifampicin, which is a specific inhibitor of 
RNA chain initiation. $g 



Materials and Methods 

Materials. Unlabeled ribonucleoside triphosphates were?;' 
purchased from P-L BiochemicaJs. 3 H-Labeled ribonucieo-l 
side triphosphates and 32 P-labeled sodium pyrophosphate? : « 
were obtained from New England Nuclear Corp. Poly[d-j 
(A-T)] and calf thymus DNA were products of Miles Labr^ 
oratories, Inc., and Worthington Biochemical Corp., respec-^ 
tively. 6-Mercaptopurine ribonucleoside. (6-MPR) was ob-| 
tained from Cyclochemicals and sodium periodate fronts; 
Fisher Scientific Co. Tricine, sodium borohydride, and dithio 1 ^ 
threitol were purchased from Sigma. Unlabeled and [ 14 Cf ? 
rifampicin were gifts of Drs. R. White and L. Sylvestri of, 
Gruppo-Lepetit Laboratories. A^Iodoacetylaminoethyl)-K 
naphthylamine-5-sulfonate (1,5 I-AENS) was synthesized by; 
the method of Hudson and Weber (1973). Silica gel plates for- 
thin-layer chromatography were obtained from Eastman 
Organic Chemicals. Sephadex G-75 was the product of 
Pharmacia Fine Chemicals. Inc. ? 

RNA Polymerase. RNA polymerase was purified from 
coli as described by Wu and Wu (1973c). The enzyme was-. 
98% pure, and contained all subunits (a, /3, and tr) as 
shown by sodium dodecyl sulfate polyacrylamide gel electro- 
phoresis analysis. 

RNA Polymerase Activity Assay. Enzyme activities of th* 
labeled and unlabeled RNA polymerase were assayed by * e ' 
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figure 1 : Structures of AMPR and AMPR-OP. 
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FI r G A^r? : £ bsor P tion and corrected fluorescence emission spectra 
ot AMPR-OP labeled polymerase and the overlap with the absorp- 
tion spectrum of rifampicin: (— ) absorption spectrum of 1 5 X 
10- m labeled RNA polymerase in 0.5 m KC1-0.05 m Tris-HCJ 

(pH 8>-0.1 mM EDTA-0.1 mM dithiothreitol; ( ) corrected 

fluorescence emission spectrum of 5 X 10' 7 m labeled RNA po- 
lymerase m the same buffer, the excitation wavelength was at 330 
nm; (---) absorption spectrum of 7.2 X 10-* m rifampicin in the 
same buffer. 

10~< m. The concentration of AMPR-OP required for 50% 
inhibition was about 7 X 10" M) which is 100 times smaller 
than that of MMPR-OP for the same extent of inhibition. 

The effect of nucleotide concentration on AMPR-OP in- 
hibition was studied using poly[d(A-T)],as template. At a sat- 
urating concentration of UTP (0.4 mM), variation of the con- 
centration of the alternate nucleoside triphosphate, ATP 
yielded a linear, double reciprocal plot. The results showed 
that the V max decreased in the presence of AMPR-OP (the 
values of F max are 1.0, 0.S3, and 0.43 nmol/min at AMPR-OP 
concentrations of 0, 4 X 10", and 1 X 10" m), while the 
apparent K m remained unchanged (7 X 10" m), suggesting 
that AMPR-OP is a noncompetitive inhibitor with respect to 
ATP binding to RNA polymerase. The K { value obtained for 
AMPR-OP was 7.4 X 10" m. 

The type of inhibition produced by AMPR-OP is the same 
as that by MMPR-OP (Spoor efal., 1970). This suggests that 
like MMPR-OP, AMPR-OP might bind to the initiation site 
on the enzyme. (If it binds to the polymerization site, a com- 
petitive type of inhibition would be expected.) To further 
support this contention, the effect of AMPR-OP on the poly- 
[d(A-T)]-dependent [^PJPP; exchange reaction was examined 
As shown in Table I, at 0.1 mM AMPR-OP the incorporation 
of [ 32 P]PPi was almost completely inhibited. Thus, AMPR-OP 
primarily inhibits the initiation of RNA chains in the RNA 
polymerase reaction. 

Affinity Labeling of RNA Polymerase with AMPR-OP 
When the holoenzyme of RNA polymerase was incubated 
with excess AMPR-OP and then reduced by NaBH 4) AM- 
PR-OP was bound to the enzyme in about 1 :1 molar' ratio 
Prolonged incubation with a large excess of the dye did not 
significantly alter this stoichiometry. Sodium dodecyl sulfate 
polyacrylamide gel electrophoresis of the labeled enzyme 
(Weber and Osborn, 1969) showed a fluorescent band cor- 
responding to the p subunit; bands corresponding to other 
subunits were nonfluorescent. This indicated that AMPR-OP 
was covalently bound to the 0 subunit of RNA polymerase. 

The labeled RNA polymerase was essentially inactive 
(<1%) in DNA dependent polymerization and PPj exchange 
reactions. The absorption and fluorescence emission spectra 
of the labeled enzyme are shown in Figure 3. The absorption 
maximum for the modified protein was at 280 nm with a tail 
at 300-350 nm due to the bound dye. The fluorescence ex- 



table i: Effect of AMPR-OP on PoIy^A-T^nT^^^ 
[ 32 P]PPi-Exchange Reaction. 0 h ^denf. , 




AMPR-OP Added 
(m) 



[ 32 P]PPi Incorp 
. (nmol) 



0 

1 X 10" 

1 X io-< 




The ^corporation of ["P^ into nucte^si^^ 
phates was measured by adsorption to activated char^ 
(Krakow and Fronk, 1969). The complete system (0 25 ^ 
contained 80 m M Tris-HCl (pH 7.8), 40 m M fi^S' 
ethanol, 4 m M M g Cl 2 , 0.4 m M UTP, 1 mM sodium S " 
pyrophosphate (1.4 X 10« cpm/nmol), 0.1 x M0 unit of po lyf T, 
A-T)L and 5 M g of RNA polymerase. The incubation wa 
10 mm at 37° and reactions were stopped by addition of Oi : 
ml of 0.1 M EDTA ( P H 6.0), and 0.1 ml of 0.1 m sodium Lo ' 
phosphate (pH 6.0), followed by addition of 0.5 ml of a 10?* 
suspension of acid-washed, activated charcoal i n 0 01 u - 
sodium pyrophosphate (pH 6.0). After mixing, 3 ml of 0 01 IH 
sodium pyrophosphate was added and the mixture was filler* ■ 
through glass-fiber filters. The filters were washed with 40 ml : 
of 0.01 m sodium pyrophosphate, dried, and counted 
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citation and emission maxima were at 335 (not shown) a J 
470 nm, respectively. " 

Interaction of the Labeled Enzyme with DNA and Nucleotide^ 
When calf thymus DNA (100 M g) or poIy[d(A-T)] (same 
amount) was added to a solution containing 10~« M labeled'' 
polymerase, 10 m M MgCl 2 , 0.2 m KC1, 0.1 m M dithiothreitol 
and 0.05 m Tris-HCl ( P H 7.8) there was a 20-30% increase i£ 
the fluorescence intensity of the labeled enzyme and a small? 
• blue shift (3 nm) of the emission maximum. In the absence" 
of DNA, addition of 0.4 mM of a single nucleoside triphos-'' 
phate (ATP, OTP, UTP, or CTP) to 10"* m labeled enzyme : 
in the same buffer brought about a 5-nm blue shift of the" 
emission maximum and a small (about 5-7%) enhancement 
of the fluorescence intensity. These observations occurred 
with any one of the four nucleoside triphosphates, and the' 
effect of more than two nucleoside triphosphates was less - 
than additive. In the presence of calf thymus DNA, however," 
the observed fluorescence enhancement was much larger,^ 
about 20% increase by each nucleoside triphosphate., If } 
polyfd(A-T)] was present instead of calf thymus DNA, theV' 
situation was quite different. Addition of ATP (0.4 mM) did-' 
not significantly alter the fluorescent properties of the probe; 
whereas addition of UTP (0.4 m M ) markedly enhanced the-'; 
fluorescence intensity (30%). Addition of AMP, UMP, ADP^ 
or UDP has no effect on the fluorescent properties of the ; 
labeled enzyme in the presence of either calf thymus DNA.' 
or polyfd(A-T)]. % 
Energy Transfer from the Initiation Site to the Rifampicm 
Binding Site on RNA Polymerase. Rifampicin, a specific: 
inhibitor of RNA chain initiation, has been shown to bind 
to a single site on RNA polymerase (Zillig et al., 1970). The 7 
modification of RNA polymerase by AMPR-OP did not 
significantly alter its ability to bind rifampicin. By use of a gel- 
filtration technique (Yarbrough and Wu, 1974), we found that 
the labeled enzyme bound 0.5 mol of [ 3 H]rifampicin per mole; 
of enzyme while the unlabeled enzyme bound 0.6 mol of 
[ 3 H]rifampicin per mole of enzyme under the same experi- 
mental conditions. Thus energy transfer measurements were 
carried out to estimate the distance between the rifampicin 
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over! P mtegxal calculated from the emission spectrum o the 
donor and the absorption spectrum of the acceptor T he 

r oi as y^r^^^^ 

The value of 7 was 3.3 X10-»on»«-i.. I ' 0) " 

corrected fluorescence VlsiorTsX^t ^ 
bound AMPR-OP and the absorption spec^um of ^ 
? bound rifampicin (Figure 3) using' the equatoT e " 2yme - 
j = fF(vMv)v< dv 

/F(?)dF (4) 

Ih^^ " ! he « uores «"« intensity of the donor at wave 
number „, and £ ( 5 ) is the extinction coefficient wave 
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R * N- ( ocelytominoelhylJH-naphlhylonwie- 5- suHorole 
A « Adenine , U * Urocil , T » Thymine , A'» S- Thiopwine 

figure 4: Model for active sites on RNA polymerase of Escherichia 
^cvii. 

that in the absence of DNA, may reflect some structural 
alteration of the polymerization site (on the enzyme) by the 
template. This is best demonstrated when d(A-T) copolymer 
was used as the template. As shown in the model presented 
in Figure 4, AMPR-OP is covalently attached to a lysine 
residue at or near the initiation site. When d(A-T) copolymer 
occupies the template site on the enzyme, the purine moiety 
of AMPR-OP may form hydrogen bonds with a thymine base 
of the template. The specificity of the polymerization site is 
then governed by the adjacent adenine base of the template 
due to base complementation (A-U hydrogen bonding), or 
alternatively, the adenine moiety of the template may induce 
a conformational change of the enzyme so that the polym- 
erization site binds UTP preferentially. Our observation 
that in the presence of poly[d(A-T)] UTP but not ATP 
markedly enhanced the fluorescence of the labeled enzyme 
can be readily explained by this model. 

Rifampicin is a known inhibitor of Escherichia coli RNA 
polymerase (Hartmann et al., 1967). It binds to a single site on 
the enzyme and genetic evidence suggests that the rifampicin 
. binding site is on the /3 subunit of the enzyme (Rabussay and 
Zillig, 1969; Zillig et al., 1970; Heil and Zillig, 1970). Since 
rifampicin specifically inhibits initiation of RNA chains, 
and the initiation site may also be located on the 0 subunit, 
it was of interest to determine the structural and functional 
relationship between the initiation site and the rifampicin 




wu and 



binding sites. To ims end, energy-transfer measurements 
carried out to estimate the distance between these two sites : i§^ : 
The results indicate that these two sites are at least 37 ^'Iff P* 
apart. Therefore, although both the initiation site and the^lf 
rifampicin binding site are on the /3 subunit, they are not'ff 
adjacent to each other. This suggests that the effect of rif ani 8 
picin on RNA chain initiation is indirectly mediated throuoK H 
the enzyme molecule. 
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A new class of fluorescent nucleotide analogs which 
contain the fluorophore l-arainonaphthalene-5-sulfo- 
nate attached via a y-phosphoamidate bond has been 
synthesized. Both the purine and pyrimidine analogs 
have fluorescence emission maxima at 460 nm. Cleav- 
age of the a-0-phosphoryl bond produces change in 
both the absorption and fluorescence emission spectra. 
The fluorescence of the pyrimidine analogs is quenched; 
cleavage of the a-£-phosphoryI bond of the UTP analog 
produces about a 14-fold increase in fluorescence inten- 
sity at 500 nm. Under the same conditions the fluores- 
cence of the CTP analog increases, about 8-fold, whereas 
the fluorescence of the purine analogs shows only a 
slight change. These derivatives are good substrates 
for Escherichia coli RNA polymerase with only slightly 
increased K m values and with V majL values about 50 to 
70% that of the normal nucleotides. They are used less 
efficiently by wheat germ RNA polymerase II. The ATP 
analog can be used by E. coli RNA polymerase to initi- 
ate RNA chains. 



Nucleotides play an important role in many metabolic 
processes. These include DNA, RNA, and protein synthesis, 
assembly of structural proteins such as tubulin, and energy 
metabolism, A variety of nucleotide analogs have been syn- 
thesized which have proven extremely useful in obtaining 
information about such processes. These include those with 
altered phosphoryl structures such as AMP-PNP (1, 2) and 
ATP-y-S (3), analogs with modified ribose rings (4, 5), and 
others having altered purine or pyrimidine ring structures 
such as e-ATP (6) and S 6 -GTP (7). 1 

Several fluorescent nucleotide analogs have been synthe- 
sized. These include e-ATP, formyctn triphosphate, and 2- 
armnopurine triphosphate (8, 9), the lin-benzo ATP analogs 
(10, 11), and a fluorescent GTP analog (12). All of these 
derivatives have altered purine ring structures. 

The DNA-dependent RNA polymerases synthesize RNA in 

• This research supported by a grant to L. R. Y, from the National 
Foundation-March of Dimes. The costs of publication of this article 
were defrayed in part by the payment of page charges. This article 

mU u\i f T r ^ re be hereby marked "advertisement" in accordance 
with 18 U.S.C. Section 1734 solely to indicate this fact. 
| To whom correspondence should be addressed. 
The abbreviations used are: AmNS, l-aminonaphthalene-5-sul- 
fonate; ( Y -AmNS)ATP, adeno S ine-5*-triphosphoro- y -l.(5-sulfonic 
acidjnaphthylamidau; (y-AmNS)NTP, ribonucieoside -^-triphos- 
phate containing l-aminonaphthalene-5-sulfonate attached via a v- 
pnosphoamidate bond; (AmNSjPP, the pyrophosphate adduct of 1- 
aminonaphthalene-5-Bulfonate; e-ATP, l-A^-ethenoadenosine-S'-tri- 
phosphate; ATP-y-S, adenosine-5'-0-(3-thiotri P hosphate); AMP- 
Z * a ^; 5 '" y l lm,dodi P h °sphate; TEA, triethylamine.HCCV 
buffer; TKME buffer, 0.05 m Tris, pH 8, 0.05 m KCl, 10" 2 m MgCl 2 
10 m EDTA; PEI, polyethyleneimine; SDS, sodium dodecyl sulfate' 



the presence of a template, NTPs, and a divalent cation (see 
Chamberlin ( 13) for a review) . The synthesis of an RNA chain 
involves at least the following events: 1) template binding, 2) 
binding of the first two NTPs, 3) formation of the first phos- 
phodiester bond (initiation), 4) binding of subsequent NTPs 
and phosphodiester bond formation (elongation), and 5) RNA 
chain termination. In addition, there must be a translocation 
of the DNA and RNA with respect to the enzyme after each 
phosphodiester bond is formed. Although the template bind- 
ing step has been studied in some detail, much less is known 
about subsequent events (steps 2 to 5). 

In some elegant studies, Vallee and co-workers ( 14-16) have 
demonstrated that fluorescent substrates can be used to great 
advantage for studies of substrate binding and subsequent 
transformations. They synthesized a series of dansylated pep- 
tide substrates for carboxypeptidase and then studied the 
binding and hydrolysis (product release) steps by fluorescence 
stopped flow. When the dansylated peptides bound, they 
quenched intrinsic enzyme fluorescence due to resonance en- 
ergy transfer; when the products were released, energy trans- 
fer was eliminated and the fluorescence increased. A similar 
approach could provide valuable information about the events 
involved in RNA synthesis. Such studies require fluorescent 
nucleotide analogs which have well characterized fluorescence 
properties and which are good substrates. Although several 
fluorescent nucleotides are available which could possibly be 
used for such studies, all have severe limitations. e-ATP has 
excellent fluorescence properties; however, it is neither a 
substrate nor an inhibitor for Escherichia coli RNA poly- 
merase (17, 18). Formycin triphosphate is a substrate for E. 
coli RNA polymerase (7, 8) but it cannot be used to initiate 
RNA chains. Moreover, its quantum yield is low (Q = 0.05). 
2-Aminopurine triphosphate has a relatively high quantum 
yield (8) but it cannot form the hydrogen bonds (H bonds) 
normally formed by GTP. Since H bonding apparently plays 
a critical role in substrate binding, neither 2-aminopurine 
triphosphate nor the fluorescent GTP analog synthesized by 
Weigand and Kaleja (12) would be likely to serve as a good 
substrate for RNA polymerase (19). 

Grachev and Zaychikov (20) and Babkina et aL (21) have 
described the synthesis of an ATP analog containing aniline 
attached to the terminal phosphate via a phosphoamidate 
bond. This analog is a good substrate for E. coli RNA po- 
lymerase. Moreover, it is apparently also used to initiate RNA 
chains. This suggested to us that it should be possible to 
prepare similar nucleotide derivatives containing the fluoro- 
phore, l-aminonaphthalene-5-sulfonate (AmNS). 2 In this 

1 We have used the abbreviation used by Turner and Brand ((1968) 
Biochemistry 7, 3381-3387) for the aminonaphthalene sulfonates 
rather than the term ANS which is commonly used to refer to the 
noncovalent fluorescent probe, 8-anilinonaphlhalene- [•sulfonate. 
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(pH _ -6.8) and 2 ml oW ; Athyl-3^aSlihViaininopropyl)car- 
bodunude were added to a rtaction. vessel maintained at 20°C The 

lene-5-sulfonate solut.cn and allowed to continue for 2.5 h The P H 
was kept between 5.65 and 5.75 by the periodic addition of 0.1 n HCi 
After 2 5 h the reaction was diluted to 50 ml and made 0.05 m in 
tnethylamme. HCO, buffer ( P H -7.5). The reaction products were 
placed on a 50-ml DEAE-cellulose column which had been equili 
brated w,th 0.05 m TEA; the column was washed with .100 ml of 0.05 
m IbA and eluted with a 1000-ml gradient (0.05 -> 0 4 m TEA) 
Approximately 20-ml fractions were collected. Absorbance and fluo- 
rescence profiles of the fractions were obtained after appropriate 
dUut.on. The fluorescent analog eluted after the peak of unreacted 
ATP and showed a brilliant blue fluorescence. Peak fractions were 
pooled taken to dryness by flash evaporation at 25°C, and redissolved 
in HiO/rnethanol (70/30); the evaporation process was repeated until 
excess TEA was removed. The purified material was dissolved in 0 5 
to 2 ml of water. Purity was assessed by thin layer chromatography 
as descnbed prev.ously (18). If traces of free l-aminonaphthalene-5- 
sulfonate were detected, the purified fluorescent nucleotide was re- 
chromatographed on a 15-ml DEAE-cellulose column using a 300-ml 
gradient of TEA (0.05 — » 0.4 m). - 

(AmNS)PPi was prepared by reacting sodium pyrophosphate with 
AmNS and the water-soluble carbodiimide under the conditions 
descnbed above. It was purified by chromatography on DEAE-cel- 
lulose and shown to be homogeneous on the two thin layer systems 
descnbed below. The purified compound was degraded by bacterial 
alkaline phosphatase to form free AmNS 

Digestion iof ( r AmNS)NTP s -Di ges ti ons with venom phosphodi- 
esterase and bacterial alkaline phosphatase were performed as de- 
scribed previously (18). 

Thin Layer Chromatography-Sampies containing 5 to 50 nmol of. 
nucleotide were spotted 2.5 cm from the ends of plates of cellulose or 
Fhl-cellulose and air-dried. PEI-ceUulose plates were developed by 
ascending chromatography for G cm in 2 m sodium formate (pH 3 6) 
roUowed by 10 cm in 4 m sodium formate (pH 3.6) at 25°C. Cellulose 
plates were developed by ascending chromatography in a solvent 

™ P T rnL m,X ' ng 300 ^ of 1 M """ionium acetate. pH 7.5. with 
700 ml of 95% ethanol. 

RESULTS 

Synthesis of (y-AmNS)NTPs-The structure of the ATP 
analog containing the fluorophore, l-aminonaphthalene-5-sul- 
fonate, attached via a v-phosphoamidate bond is shown in 
Fig. 1. This fluorescent nucleotide, adenosine-5'-triphosphoro- 
y-l-(5-sulfonic acid)naphthylamidate, has been termed (y- 
AmNS)ATP (18). The synthesis and purification is simple 
and straight forward. FoUowing a one-step reaction with a 
water-soluble carbodiimide, the reaction products are chro- 
matographed on a DEAE-ceUulose column. The fluorescent 
analog elutes after the unreacted nucleotide. Yields are good- 
they normally range from about 40 to 60% conversion of the 
NTP to the fluorescent derivative. The reaction proceeds well 
w,th all 4 NTPs. In addition, it is possible to synthesize the 
corresponding deoxy-NTPs. The analogs are quite stable at 
neutral pH and can be stored for several months at -20°C 
without significant degradation. 

Effects of Venom Phosphodiesterase Digestion on the Spec- 
troscopic Properties of the (y-AmNS)NTPs— The absorption 
spectrum of (y-AmNS)ATP is shown in Fig. 2. There is a 
broad band centered at 315 nm associated with the naphtha- 
lene ring (e = 5580 ± 150 m" cm" 1 ), a distinct shoulder at 260 



^ commutation we descnb^ such analogs and 

-, their spectroscopic and bibloliMlcSo3ihiie 1 s ; ^? ..-/'■• 

MATERIALS' AND METHODS ■ 
Chemicals— The following chemicals were 'purchased from the 
sources listed in parentheses: ribonucleoside triphosphates and 
poly[d(A-T)].poly[d(A-T)] (P-L Biochemicals), [ a H]ATP and r 3 Hl- 
G T P , <N e w England Nuclear). [ J H]UTP (ICN Radiochemicals), 1- 
ethyl-3-(3-dimethylaminopropyl)carb'odiimide (Pierce) and 1-ami- 
nonaphthalene-5-sulfonate (Tridom). For the early studies 1-amino- 
naphthalene-5-sulfonate was recrystalliiea from Water; in subsequent 
expenments, the unrecrystallized material was used. Tris (ultrapure) 
was obtained from Schwarz/Mann. Other chemicals used were re- 
agent grade. 

Other Afatermk-Plastic-backed polyethyleneimine ceUulose thin 
layer plates with fluorescent indicator were from EM Labs and 
plastic-backed ceUulose thin layer plates were from Eastman. Venom 
phosphodiesterase was purified from crude venom of Crotalus ada- 
manteus (Sigma) by incubation for 3 h at 37°C and pH 3.6. FoUowing 
such treatment it showed no detectable ATPase activity. 

Enzyme Purifications- E. coli DNA-dependent RNA polymerase 
was purified by the polyethyleneimine procedure of Burgess and 
Jendrisak (22). The specific activity of the enzyme ranged from 500 
to 800 nmol of [ H]GMP incorporated/mg of enzyme/10 min using 
" a 6^ °^ ymuS DNA as tem P'ate. Sigma content ranged from 60 
to 80% of saturation as determined by SDS-gel electrophoresis. Wheat 
germ RNA polymerase II was purified through the DEAE-ceUulose 
step descnbed by Jendrisak and Burgess (23). The partially purified 
enzyme from the DEAE-ceUulose column was pooled, precipitated 
w.th 1 5 volumes of neutralized (NH.hSO,, and dUuted with 0.02 m 
Tris, pH 8, containing 0.1 m M EDTA, 0.2 mM dithiothreitol 3 m M 
mercaptoethanol. and 20% glycerol untU the conductivity was equal 
to that of the buffer containing 0.05 m (NH.^O,. The enzyme (50 
ml. - 60 mg) was applied to a 40-ml Sepharose 4B column containing 
1 mg/ml of denatured calf thymus DNA attached covalently The 
^To^ 35 WaShed With buffer c °n<»ining 0.02 m Tris, pH 8, 0.05 m 
NH,),SO< , 0.1 dim EDTA, 3 nut mercaptoethanol, 0.2 mM dithio- 
threitol, and 20% glycerol untU the A M of the eluate dropped below 

I mu^rTv^ tH ? e ' Uted With the same buffer containing 0.25 
m (NH^O,. Y.elds of 20 to 30 mg of purified enzyme having a 

) S r %wr\ C T ty Wkh denatured caJf ^ymus DNA of 400 to 500 nmol 
of [ HJGMP incorporated per mg of enzyme per 10 min were obtained 
Assay mixtures for RNA synthesis (0.1 ml) contained: 0.05 m Tris pH 
8 0 0o m (NH.) 2 S0„ 3 m M MnCl 2 , 4 x 10- m unlabeled NTPs 4 x 

M M K UTP r f r? 1GTP ( ~ 10 ' 000 C <> m/n ™»- 2 «* dkhioihre 
itol. and 20 nmol of denatured calf thymus DNA. Reactions were 
incubated for 10 min at 37»C and then placed on ice; 0.1 ml of 0 1 m 
sodium pyrophosphate was added, and [ 3 H]RNA was precipitated 
with cold 5% tncWoroacetic acid. The precipitates were coUected on 
Whatman CF/A filters and counted in a liquid scintUiation counter 
Spectroscopic Measurements-Corrected fluorescence excitation 
and emission spectra were obtained with a Perkin-Elmer MPF-44 
recording fluorescence spectrophotometer equipped with a differen- 
Ual corrected spectra attachment. Samples had an absorbance of 
SO 05 to prevent s lg nif.cant inner filter effects. Unless otherwise 
noted, spectra w ere recorded with 10 nm excitation and emission band 
widths. For recording excitation spectra, an integral filter (No 35) 
which transm.ts light of >350 nm was used to eliminate second order 

n . m M UantlJm 7 ie , ldS T 6re determined ^ing quinine sulfate in 
U. l N H^O, as standard w,th an assumed quantum yield of 0.55 (24) 
Where necessary (absorbance greater than -0.002) the observed 
spectra were corrected for absorption of the exciting light. The value 
of 0^55 was used rather than the more recent value of 0.70 obtained 
by Scott el al. (25) to facUitate comparison with previously published 
HpL 0 ," ^ antUm yie ' ds ° f amin °™ P hthalene sulfonate and its 

ZZTZTuv^T™ SP6Ctra WCre ° btained with a P"kin-Elm e r 
model 576 UV.v,s.ble recording spectrophotometer with a base-line 
correction accessory. The absorbance of samples was <2 to prevent 

sTem, TK° t Stray Hght - A 1 " m band Width was used fo r recording 
J n f°r In tem P erature ln al > spectroscopic measurements was 25 

.„ C n A " ,V^ Wn Were ° btained with sam P'es in 0.05 m Tris. 
pH8. 005 m KCI. 0.01 m MgCl,, and 10"' m EDTA (TKME buffer) 

lents suTfn T d ,H U , rifi T i ° n 0 "?-^^77>-l.Aminonaphtha.' 
) In 1 ^ 1 A' 6 (44? mg) was added t0 10 ml of "JO, and the pH was 
y ce S t ,fu° E f WitK '.J Na ° H ; Any inS0 ' Uble mat - iaJ - remold 
for tw S r - r o " g 8 S0 ' Ut,0n Which was «MentiaUy saturated 
for th,s pH value (-0.18 to 0.2 M). Four rmlliliters of 12.5 m M ATP 
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AiKsum "rZ A T™ 6 emission s P ectrura ° f <r 

wc££b'% a ' b t ehre ** esii ™ with venom phosphodiester- 
with = ,n ' dlgest,on The "Station wavelength was 360 nm 
with a 10 nm excitation and emission band width. 

nm due to the adenine ring, and a maximum at 242 nm ( e = 

hn V ll ° M " Cm 1 CleaVa 6 e of a-/?-phosphoryI 
bond with venom phosphodiesterase produces a shift of the 
315 nm band to 325 nm as well as a hyperchromicity of about 
16%; the absorpt.on at 260 nm increases by about 30% and 
the absorption maximum at 242 nm shifts to 246 nm The 
pyrophosphate derivative of AmNS, (AmNSjPP,, shows an 
ab S orpt. 0 n band at 325 nm (c = 6500 ± 100 m" cm"), identical 
to that produced by digestion of (y-AmNS)ATP with venom 
phosphodiesterase. This is about a 5 nm blue shift of the band 
found for AmNS which has a maximum at 330 nm 

The other (y-AmNS)NTPs show, very similar long wave- 
ength absorption bands which also undergo large (8 to 10 nm) 
red shifts when the a-/J-phosphoryl bonds are cleaved. There 
are a so sigmficant increases in the absorbance at 260 nm on 
aShit^V 6 ' 10 ? P hos P h °diesterase. For example. ( y - 
AmNS)UTP shows about a 42% increase in the absorbance at 
<:ou nm after digestion. 
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We have previously found that (y- AmNS) ATP has a fluo 
rescence emission maximum at 460 nm which shifts to 475 nm 
when the a-0-phosphoryl bond is cleaved (18). If excitation is 
performed at the isosbestic point (-315 nm). the fluorescence 
intensity at 500 nm increases by about 10% as a result of this 

I m^JS • C ° ntraSt ' tHe fluorescen « '"tensity of (v- 
AmNSJUTP increases manyfold when the a-/?-phosphoryl 
bond is cleaved. If excitation is performed at 360 nm to take 
advantage of the shift in the absorption spectra, the fluores- 
cence intensity at 500 nm increases about 14-fold when the 
^ ?A gGSted ^ venom Phosphodiesterase (Fig. 3) 
Thus the fluorescence of (y-AniNS)UTP is severely quenched' 

J t q xrc n , t i ,m / ield iS 0nly °- 086 as ^mpared with 0.63 for 

AmNSt f' Clea ; agC ° f tHe Ph ° sph0r y' bond ° f (r- 
AmWbJCTP also produces m increase in fluorescence of about 

8-told, and a similar increase is observed with the deoxv-CTP 
analog ( r .AmNS)GTP exhibits fluorescence properties simi- 
tar to those found for (y- AmNS) ATP. Thus only the pyrimi- 
dine analogs show strongly quenched fluorescence 

Use of (y-AmNS)NTPs for RNA Synthesis by DNA-de- 
pendent RNA Polymerase-The ATP and UTP analogs were 
examined for their ability to support template-dependent 
RNA synthesis with E. coli RNA polymerase. Table I shows 

Sot floi *?I 0 fr Sub f rat ^ The Corporation ranges from 
oU to 80% of that found with the unmodified NTPs Anthony 
et al. (26) and Downey and So (27) have shown that if the 
concentration of one NTP is varied and the others held 
constant at a relatively high concentration (0.4 m M ), linear 
double reciprocal plots of velocity versus substrate can be 
obtained Using this procedure, we have obtained apparent 

rr w m VfdUeS f ° r ( *- AmNS > ATP a "d (y-AmNS)UTP 
1 1 able II). For both, the maximum velocity is about 60 to 70% 
of that found for the normal substrates. The apparent K m for 

t u ° g ' S ab ° Ut the same as found for ATP the value 

for the UTP analog is about double that found for UTP Thus 
the presence of the bulky naphthalene group does not signif- 
icantly affect the ability of these analogs to serve as substrates 
for E coli RNA polymerase. In contrast, they are poor sub- 
strates for wheat germ RNA polymerase II. The V„„. for RNA 
polymerase II with (y-AmNS)ATP or (y-AmNS)UTP as a 
substrate is only about 15 to 20% of that found for the 
unmodified NTPs. In addition the K m values are increased by 
about an order of magnitude (data not shown) 

Initiation of RNA Chains with (yAmNS)ATP-S\nce pu- 
rine NTPs are normally used to initiate RNA chains the 
observat.on that (y-AmNS)ATP supported efficient RNA 
synthesis with poly[d(A-T)]. po |y[d(A-T)} as template sug- 
gested that the analog is used to initiate RNA chains To 
demonstrate this directly, RNA was synthesized with (y- 

Table I 

RNA synthesis by Escherichia coli RNA polymerase ustn# 
(y- AmNS) ATP or (y- AmNS) UTP 
Reactions (0.1 ml) contained: 0.05 m Tris, pH 8. (UK m KCI 0 01 
M . rJ,\ rr," d ' th ^threitoL 4 x 10" m NTPs. nmul of T7 DNA 
or poly[d( A-T) J. poly[d(A-T) ], and 2 M g of holoeruvme. Samples were 
incubated 10 mm at 37°C and precipitated wit h trichloroacetic acid. 

Template 



T7 DNA 



poly[d(AT)).poly[d(A- 
T)) 



Nucleotide analog 


[ l H |NM P 
rwieri 


% Con 
iml 




nttuil 




None 


1.89 


MX) 


(y-AniNS) ATP 


\M 


f>8 


(Y-AmNS)UTP 


\M 


81 


None 


I .-IT 


UK) 


(y-AinNS)ATP 


U.9(i 


70 



lit 
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AmNS)ATP and [ 3 H]UTP as substrates and ' poly [ci(^T)]. * 
poly[d(A-T)] as template. SDS was added to x 0.1% and .the 
reaction products were chromatographed on a Sephadex G-50 
'umn equilibrated with 0.1% SDS. The fractions obtained 
re assayed for fluorescence and 3 H. Fig. 4 shows that there 
is a fluorescent peak which co-elutes with 3 H in the void 
volume. No 3 H or fluorescence eluted in the void volume if 
the synthesis was performed in the presence of rifampicin or 
if the reaction products were digested with RNAse. Thus we 
conclude that (y-AmNS)ATP is used to initiate RNA chains. 

Unprimed Synthesis with (y-AmNS)NTPs-E. coli RNA 
polymerase is known to catalyze the formation of poly(rA-rU) 



Table III 

Template independent poly (rA-rU) synthesis with (y-AmNS)NTPs 
by Escherichia coli RNA polymerase 
Reactions (0.1 ml) contained: 0.05 m Tris, pH 8, 2 m M MnCl 2 1 mM 
djthjothreitol, and 1 mM of the indicated NTPs. Samples were incu- 
bated for 2 h at 37°C, precipitated with trichloroacetic acid and the 
precipitate collected on glass fiber filters. The filters, containing the 



Table II 

Kinetic constants for ( r AmNS)NTPs with Escherichia coli RNA 
polymerase 

Reactions (0.1 ml) contained 1 to 2 M g of enzyme, 0.05 M Tris, pH 
8 0.05 M KCl, 10 mM MgCl 2 , 1 mM dithiothreitol, 0.4 mw f 3 HlGTP 
[ H]ATP, or [ 3 H]UTP, 8000 to 10,000 cpm/nmol, unlabeled NTPs 0 4 
mM where necessary, 0.005 to 0.4 mM of the varying nucleotide and 
20 nmol of poly[d(A-T)].poiy[d(A-T)) t or native calf thymus DNA 
were incubated for 5 min at 37°C, precipitated, filtered, and counted 
as described prev 10 usly. V m „ is expressed in nanomoles of [ 3 H]NMP 



Variable nucleotide 




Template 


Calf thymus 


DNA 


Poly[d(A-T)]. 
poly[d{A-T)] 


K m 














ATP 


38 


61 




(Y-AmNS)ATP 


45 


38 




UTP 


31 


59 


53. 72 


^ (rAmNS)UTP 


97 


36 


82 42 
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Fraction Number 



30 35 



40 



Fig, 4. RNA chain initiation with (y-AmNS)ATP. RNA was 
synthesized in a I ml reaction containing 0.05 M Tris, P H 8, 0.05 m 
T d,th ; othreitoi ' 0 2 <™ fy-AmNS)ATP, 0.2 mM [ 3 H]UTP 
(5690 cpm/nmol), 150 nmol of poly[d(A,T)].poly[d<A-T)], and 80 M g 
o( Escherichia coli holoenzyme. After a 30-min incubation at 37°C 
a 0.05-mI aliquot was precipitated with trichloroacetic acid and 
counted which revealed that a total 44 nmol of [ 3 H]UMP had been 
incorporated The remaining sample was made 0.1% in SDS and 

« n D °n aP J 6 ™ 3 Se P hadex 025 column equilibrated with 0.01 
M NajHP04, pH 7, containing 0.1% SDS. Fractions were assayed for 
. *) b * llc l u,d scintillation counting and for fluorescence 

i— UJ using an SLM single photon counting fluorescence spectro- 
^Kh'"° me ^u E * C ' Ution was at 320 "m and emission was measured at 
9mT "u ♦ ffer back e r « un <J fluorescence, which corresponds to 
^ P hoto ^/10 s has been subtracted, and the fluorescence of the 
included peak js reduced by a factor of 1000. Assuming that there is 

Zn "V the <> uantuin y' iM or (r AmNSjATP when incorporated 
into RNA, about 100 pmol of RNA chains were produced 



Nucleotides 


[*H]NMP 
incorpo- 
rated 


% Con- 
trol 


ATP, [ 3 H]UTP 
(y-AmNS)ATP, [ 3 H]UTP 
ATP, (y-AmNS)[ 3 H]UTP 
(y-AmNS)ATP, (Y-AmNS)[ 3 H]UTP 


nmol 
25.4 
24.8 
21.1 
7.5 


100 
98 
83 
30 




in a template-independent reaction in the presence of Mn 2+ 
and a high concentration of NTPs (28). Table III shows that 
both (y-AmNS)ATP and (y-AmNS)UTP can be used in this 
reaction. Moreover, the reaction will aJso proceed with only 
the analogs as substrate, although less efficiently. 

DISCUSSION 

The (y-AmNS)NTPs should be excellent probes for the 
study of DNA-dependent RNA polymerases and perhaps 
other systems involving the utilization of nucleoside triphos- 
phates. They have an absorption band located in the region 
300 to 360 nm, well resolved from protein and nucleic acid 
absorption bands. This permits their selective excitation and 
thereby alleviates possible inner filter effects due to absorption 
by proteins or nucleic acids. Since the absorption band of the 
AmNS moiety o.verlaps the fluorescence emission spectra of 
proteins, these analogs can act as acceptors for resonance 
energy transfer from intrinsic protein fluorophores. Thus 
binding of (y-AmNS)NTPs to proteins may produce quench- 
ing of protein fluorescence. If so, this property can be used to 
study both the equilibrium and kinetic aspects of protein- 
nucleotide interactions. 

Although both the purine and pyrimidine analogs show 
essentially identical fluorescence emission spectra in terms of 
shape and emission maxima, only the pyrimidine analogs have 
strongly quenched fluorescence. This quenching involves in- 
teraction between the uridine and the naphthalene ring as 
evidenced by CD and NMR measurements, 3 Studies of the 
fluorescence excited state lifetimes (data not shown) indicate 
that the quenching is of the dynamic type due to coUisional 
interactions between the two rings. 

It is not clear why only the pyrimidine analogs show 
strongly quenched fluorescence. Perhaps this reflects the fact 
that pyrimidines may assume a conformation which is espe- 
cially favorable for stacking interactions between the two 
rings. For pyrimidines, the glycosidic bond angle X normally 
ranges from 25 to 105° while for purines it ranges from 3 to 
55° (29). Inspection of space filling models of (y-AmNS)NTPs 
suggest that stacking would be most favored for x values 
around 90 to 100°, i.e. when the rings are co-planar. Alterna- 
tively, since the purines are larger than the pyrimidines, it is 
possible that the sulfonic acid moiety prevents close interac- 
tion of the purine and naphthalene rings. 

The finding of intramolecular quenching interactions be- 
tween the pyrimidine and naphthalene rings is not entirely 
surprising since similar observations have been made for 
several other related systems. Spencer (30) found that the 
fluorescence of NADH is strongly quenched by coUisional 
interaction between the adenine and nicotinamide rings. Bar- 
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rio e£ aCCJffi^^^^at' the fluorescence of the etheno 
derivatiye^F^pQ v 'isjguenched by both dynamic and static 
mechanisms. More recently, Leonard et al, (11) determined 
that the symmetrical anhydride of lin-benzo AMP which was 
linked through the 5'-phosphorus residues is almost nonflu- 
orescent due to ring-ring interactions. Thus stacking which 
results in fluorescence quenching is a common occurrence. 

Our observations that the (y-ArnNS)NTPs are good sub- 
strates for jB. coli RNA polymerase and that the ATP analog 
can be used to initiate RNA chains are in good agreement 
with the results obtained by Grachev and Zaychikov (20) for 
the related analog, ATP- y-anili date. They found that this 
analog was incorporated with 50 to 60% of the efficiency of 
ATP and that it could apparently be used to initiate RNA 
chains. Armstrong and Eckstein (32) have also synthesized 
analogs containing either a fluorine atom, a methyl gToup, or 
a phenyl group attached to the y-phosphate of ATP. They 
found that these analogs were incorporated only about 10 to 
15% as efficiently as ATP. Inhibition studies showed that the 
inhibition constants for these analogs were on the order of 1 
to 2 mM indicating that they bind about an order of magnitude 
more weakly than the normal nucleotide. They suggested that 
. this was due to the loss of a negative charge on the y-phos- 
phate. However, our data, as well as the data of Grachev and 
Zaychikov, suggest that the loss of a negative charge does not 
greatly alter the ability of a nucleotide to bind to the enzyme 
or to be incorporated efficiently. Perhaps a more likely expla- 
nation is that modification may alter nucleotide conformation 
and/or interaction with divalent cations. For example, we 
have found that an analog containing AmNS attached via a 5- 
atom bridge is a very poor substrate for either E. coli or wheat 
germ RNA polymerase. 4 

The ability of these analogs to serve as substrates for RNA 
polymerase may also reflect steric properties of the nucleotide 
binding site. The bulky naphthalene group might prevent the 
nucleotide from assuming the proper orientation when it binds 
to the enzyme. This could explain the significant decrease in 
V™* found for wheat germ RNA polymerase with the analogs 
as substrates. These analogs could thus complement the "di- 
mensional probes" synthesized by Leonard and co-workers, 
the lin-benzo ATP analogs (11). 

In summary, we have shown that the (y-AmNS)NTPs are 
excellent substrates for E. coli DNA-dependent RNA po- 
lymerase. This, along with their desirable spectroscopic prop- 
erties, makes them excellent tools for study of the kinetics and 
mechanism of RNA synthesis (33). 
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The preparation of four fluorescent derivatives of tRNA Phe <v P »*f\ ti, • u . . . 
chemical, spectroscopic, and biochemical method ^ s destibed Thl 1 f charactenzatl °n ^ 
replacmg wybutine (position 37 in the anticodon loo^or NaBH deduced H^'T "* by 
16/17 in the hU loop) with ethidium or oroflavi™ tut N f B f*-™f uced dihydrouracil (positions 
raphy (RPC-5). All tR^J^T dlriJ^ ' the y. are lsolate d by reversed-phase chromatog- 
synthetasetoa leas 8 7 ot the cTar'n 711^^°^^ by ye3St P h <*ylalanyl-tRNA 
(0.2 uM) and a V lowe ed b 30- 50 7 f hey Sbit oo^to t *^^ Phe ^ « unchanged K m 

assay with synthetase from Esche rict clli It I nS^^T™^™^™**™ 00 
seriously disturb essential elements of SS5^«^ ^ °' d ~ * 

deri^ra^ 

« addition, there are mdicaS t^^^X^^^ 
the J^^,*** ^ t0 ^ P ° Slti0n * the tRNA -iecule by stacking interactions with 
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Fluorescent derivatives of tRNA have proven to 
!:t« useful for studies on the structure of tRNA and its 
(various functions. . The majority of the fluorescent 
Jprobes were introduced into tRNA by covalent 
gachment to the periodate-oxidized 3'-end [1] or to 
H bases carrying unique functional groups [2-4]. 

UbM^ l ° Pr ° foS0r FritZ Lipmann on the occasion of his 

iJkuX 0 ? YN ? e - : ybut r (rare base at p° siti ° n 37 of 

■S2 Z' f T erly Ca " ed Y 0r Y base ^ W the nucleoside 
Wme. yW(red) and hU(red), NaBHweduced wyosine and 

«Wdi^ Ur L d ' ne .i UreiC,0pr0pano1 ri «»side), respectively; EtdBr 

S Tul^' Pr0flaV i.f ; tRNA --"- tRNA- lacking w,." 
C^m^"' tRNA Ca "^ ethidium » Pl« e of wy- 
>*hirk .u-^ 4 " 11 a " d tRNA ^'c. separated species of tRNAgfe, 

C S r I' Pr ° bably b ° Und ViU the 7 - amino and the2 -^ino 
« h C enh 'I' ,eX,); tRNA "-"" tR NA^ in which 
i replaces d.hydrouraci! in position 16 or 17 (see text); 

llhidiml , E(C) lhe B and C forms of the ri °osyl derivatives of 

I u, Um f Cfta faul I < n il... 'I 1 < 



^Aase fPP 1 1 a o. ''"""^ o.j.j.^uj; i, 

WJr , ,; P ancreat,c RNAase (EC 3.1.4.22); phospho^ 

l* lK _7 e ' rom snake venom ( £ C 3.1.4.1) and spleen (EC 3.1.4.18); 



(see text); P, the ribosyl derivative of proflavine 
" 2 - v ««- Phenylalanyl-tRNA synthetase (EC 6.1.1.20); 



""e phosphatase (EC 3.1.3.1). 



Since chemical modification of the 3'-end inactivates 
the tRNA and addition of bulky groups in manv cases 
impairs its functions, we have developed an alternative 
procedure by which odd bases are replaced with 
fluorescent dyes [5,6]. The replacement involves a 
two-step procedure: a ribosylic aldehyde group is 
created in the tRNA by selective excision of a base 
which subsequently can be condensed with a 
fluorophor possessing either a primary amino or a 
hydrazino group. The procedure has been used for the 
insertion of the aromatic amines proflavine and 
ethidium in the place of wybutine -or dihydrouracil in 
tRNA phe and in the dihydrouracil positions in 
tRNA s " from yeast [5,6] as well as for the insertion 
of hydrazine derivatives at the wybutine position [7]. 
The proflavine and ethidium derivatives to tRNA Phe 
have been successfully applied in studies on synthetase 
interactions [8], tRNA conformation, and ribosome 
interaction [9-11] (summary [12]). However, the 
preparation, structural characterization, and spectro- 
scopic properties of several of the tRNA Phe -dye 
derivatives used have not yet been described in full. 
This is accomplished in the present paper. 
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MATERIALS AND METHODS 
tRNA 

tRNA Phe was isolated from brewer's yeast tRNA 
(Boehringer Mannheim) as described previously 
[13] and accepted 1.5-1.7 nmol Phe/^eo unit. 
tRNA p - h ? Wye was prepared from tRNA Phc [14] and 
accepted around 1.3 nmol PheM 2 6o unit. Both 
tRNA Phc and tRNA p - Yw ye moved as single bands on 
polyacrylamide gel electrophoresis in the presence of 



Enzymes 

Phenylalanyl-tRNA synthetase from yeast 
(3.5 U/mg [16]) was donated by U. Pachmann who 
prepared it by a published procedure [16] including 
an affinity elution step [17]. Phenylalanyl-tRNA 
synthetase from E. coli K10 (45 nmol Phe mg" 1 h" 1 ) 
was a gift of A. Bock [18]. Ti and T 2 RNAase, were 
purchased from Sankyo, pancreatic RNAase, spleen 
and snake venom ' phosphodiesterase, and alkaline 
phosphatase from E. coli were from Boehringer, 
Mannheim. The activity specifications of the manu- 
facturers were used. 



Chemicals and Materials for Chromatography 

Ethidium bromide (Serva, Heidelberg) was ho- 
mogeneous on paper electrophoresis and thin-layer 
chromatography in three solvent systems and was 
used as purchased; proflavine (Fluka, Buchs) was 
purified by repeated crystallizations of the free base 
from ethanol/water. Phenol and ether were distilled 
shortly before use. L-[ 14 C]Phenylalanine (specific ac- 
tivities 10 and 59 Ci/mol) was purchased from The 
Radiochemical Center (Amersham), NaB[ 3 H 4 ] (200- 
400 Ci/mol) from New England Nuclear. NaBH* (for 
synthetic purposes) and all Other chemicals (analytical 
grade) were from Merck (Darmstadt). Column 
chromatography was performed on DEAE-cellulose 
(DE-52, Whatman), DEAE-Sephadex A-25 (Phar- 
macia), and benzoylated DEAE-cellulose (Boehringer, 
Mannheim). The materials for reversed-phase chro- 
matography (RPC-5), polychlortrifluorethylene and 
trioctylmethylammonium bromide, had been pur- 
chased from Serva (Heidelberg). 

Reductions with NaBH* 

■ In the standard procedure to a solution of 50 Aieo 
units tRNA Phc /ml 0.2 M Tris-HCl, pH 7.5, in ice 
0.1 vol. of a solution of 100 mg NaBH^/ml 0.01 M 
KOH was added. After 30 min the reaction was 
terminated by adjusting the pH to 4-5 with 6M 
acetic acid. The reduced tRNA was isolated and 
washed by three ethanol precipitations. 
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Reductions with NaB[ 3 H 4 ] were carried 



"$38 

pH 9.8 [19] in order to slow down the hydrol^i^^l 
reagent. 

Preparation of tRNA Fhe -Dye Compounds 



previously published procedures [5,6] ^|p| 
the incorporation of proflavine and ethidiir^l 
respectively, both at positions 37 or 16/17 of tRNA Pb ^^ 



The 
used for 




0 



Aminoacylation Assay 

If not stated otherwise the homologous aminc^tl 
acylation assay with phenylalanyl-tRNA synthetase^! 
from yeast was performed as previously described [14ff8f 
The reaction mixture (0.1 ml) contained 25 mM Tns^& 
HC1, pH7.5, 20 mM MgCl 2 , 10 mM ATP, 50 
L-[ M C]phenylalanine(10 Ci/mol), 0.05-0.07 /f 26oUnit ;*^ 
tRNA Phe (which had been preincubated in 1 mM: 
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Tris-HCl, pH 7.5, 1 mM MgCl 2 for 15 min at 37 °Q, 
and 0.1-0.2 mU phenylalanyl-tRNA synthetase. The 
mixture was incubated at 37 °C for 15 min. Michaelis- 
Menten kinetics were measured in 0.4-ml incubation 
mixtures of the same composition except that L-[ U C]- 
phenylalanine with higher specific radioactivity (59 Ci/ Absorl 
mol) and 0.15 mU phenylalanyl-tRNA synthetase'"^! |^t) Sor b 
were used; the tRNA concentration was varied be --|^|l^^ Fl 

tween 0.03 liM and 0;47 |.lM (1 A 2 6o unit was taken to&l l cl ' X/f1 
/ T r ,\. - 4 . . :.^,cr&- timer MJ 

represent 1.75 nmol). Incubation was for 1mm ?U-iff r -8uorimete 
21 °C. 



Nuclease Digestions 



tRNA Phe -dye compounds (20-50 A 2 w units/ml)'./ 
were digested with various nucleases in 10 mM Tris-v 
HC1, pH 7.5, for 3 h at 25 °C. The concentrations o£- 
nucleases were (U/mlj: Ti RNAase (250), pancreatic;' 
RNAase (3), T 2 RNAase (20). For chromatographic., 
separations of the digestion products the digestion, 
mixtures were made 7 M in urea by addition of 10 M 
urea and applied to DEAE-cellulose columns. - f 
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Chromatographic Procedures ;v 
Reversed-phase Chromatography (RPC-5). The, 
adsorbent was prepared for use following procedure C 
of Pearson et al. [20]. Columns (0.3 x 60 cm for up to 
100 /4 2 6o units tRNA) were run at 24 °C at ap- 
proximately 40 bar (4 MPa) pressure (Labotron, 
HKP50, Kontron) in 10 mM Tris-HCl, pHU 
10 mM MgCl 2 , 0.4 M NaCl and developed witn 
800-ml gradients from 0.4 M to 0.8 M NaCl in «J 
same buffer. The tRNA was isolated from the pooler 
fractions by ethanol precipitation, followed by W 
additional precipitations. This procedure led to tRN 
preparations with good amino acid acceptance, 
alysis and concentration by flash evaporation pn° r 
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NA De rfatii^^^ !'f Wintermeyer and H. G. Zach' 

•rried out \^|f-tl>e precipitation were avoided, since they sometimes 
■rolysis of the? Miffed t0 tRNA fractions with low charging capacity. 

•■vjf vis i DEAE-cellulose Chromatography. Nuclease digests 
,t?fj|£of tRNA Phe -dye compounds (up "to 40 A 260 units) 
^#*ere chromatographed on DEAE-celluiose columns 
... (0.3 x 70 cm) with a linear gradient of 250 ml each of 
;s [5,6] were-" 0.01 M and 0.3 M NaCl in 10 mM Tris-HCl, pH 7.5, 
and ethidium 1 7 ^ urea ' the columns wer e run at 24°C and 1 5- 20 bar 
' of tRNA Phe ; I at a flow rate of approximately Q.Sml/mm. For re-' 
chromatography oligonucleotide-containing Tractions 
were pooled, diluted fivefold with water and applied 
^DEAE-celluLose columns (0.5x5 cm) equilibrated 
; w ith 0.01 M ammonium bicarbonate, pH 8; after 
washing with the same buffer elution was performed 
with a linear gradient of 100 ml each of 0.01 M and 
0.5 M ammonium bicarbonate, pH 8. 

The solvent system used for thin-layer chroma- 
tography on cellulose plates consisted of 4 vol. 1 M 
ammonium acetate, pH 7.5, and 1 vol. 2-propanol. 
High-voltage electrophoresis on paper (Schleicher and 
Schuli, 2043b) was carried out using a 0.05 M am- 
monium acetate buffer, pH 7.0. 
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Spectrophotometry Measurements 

Absorbance was measured with a ZeiB PMQII, 
absorbance spectra with a Cary 118 spectrophoto- 
meter. Fluorescence was measured with a Perkin- 
Elmer MPF-2A and a Schoeffel RRS 1000 spectro- 
iiuorimeter which was interfaced to a Hewlett-Packard 
9820A calculator/9862 plotter combination. Emission 
spectra were corrected for the wavelength dependence 
or the detection system. The correction factors were 
calculated from the energy distribution of the excitation 
source, as measured with a temperature-compensated 
thermopile (type CA1, Kipp and Zonen, Delft), and 
the spectrum measured on the emission side when the 
; excitation light was reflected on the emission mono- 
■chromator with a magnesium oxide screen [21]. 

RESULTS 

Chemical Characterization oftRNAgihi ' 

Chromatographic Separation of Two Isomers. The 
specific incorporation of ethidium into tRNA p _ h ? Wye 
« the position vacated by excision of wybutine ha's' 
fcen reported [5]. The product, tRNAgfc,, could be 
separated from unreacted tRNA p - h * Wye by benzoylated 
JtAE-celluIose chromatography. In addition the 

0" R° n P p£ fi ' e indicated the separation of two species 
tRNA^ d e 37) both of which contain a single ethidium 
^ Position 37 (see oligonucleotide analysis below) 
nd exhibit different fluorescence. quantum yields [5]. 
jversed-phase chromatography (RPC-5; [20]) re- 
tRMAPh n a mUCh im P roved se P ai *ation of unlabeled 

of p P ye ^ rSt elUted peak ^ and of the two s P ecies 
^NAgfo?, which according to the elution profile 
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Sv>J ? hromai °S ra P h y °f '™"&7 (A), tRNAVfa (By and 
iMAemwfC) on reversecf-phase (RPC-5) columns. Absorbance 

was measured at 260 nm { ), fluorescence ( ) of ethidium 

at 590 nm (excitation at 470 nm), the one of proflavine at 500 nm 
(excitation at 460 nm) 

are designated B and C (Fig.lA). It should be 
mentioned that also from benzoylated DEAE-cel- 
lulose tRNA p .^ Wye is eluted first but the order of 
elution of the two fluorescent species is reversed. The 
individual species retained their original elution po- 
sition upon rechromatography on RPC-5. This ob- 
servation makes it unlikely that the appearance of two 
species is due only to conformational differences; it 
rather suggests that species B and C are chemical 
isomers which do not interconvert under the con- 
ditions of chromatography and isolation (ethanol 
precipitation and phenol extraction). The formation 
of two isomeric condensation products of ethidium 
with ribose may be due to condensation at the two 
different amino groups of ethidium; pK values of 
2.43 and 0.713 have been reported for the 7-amino 
and the 2-amino groups respectively. [22]. In addition, 
iV-ribosylic condensation products may be present 
as a and fi anomers. However, the appearance of 
species B and C of tRNA^ d c 37 does not seem to reflect 
a chromatographic separation of a and f} anomers 
because the same elution pattern was obtained after 
tRNA^ d e 37 reduction with NaBH 4 [5], which should 
eliminate a heterogeneity due to the presence of a and 



Etution volume (ml) 



Fig. 2. Chromatography of Ti RNAase digests of tRNA&hi (A), '^^SfJie/n (B) and of the ethidium-containing dodecanucleotides from f{i 
Fig. 7 ( C) on DEAE-cellvlose. Aieo ( ); A 5l0 ( ); ethidium fluorescence, measured as in Fig. 1 ( ); 3 H radioactivity (•) "'tpSfe 



fl anomers. Positive evidence favoring the involvement 
of the two amino groups of ethidium in the conden- 
sation with tRNA- h Yw ye has been obtained by com- 
paring species B and C of tRNAi=ui37 with respect to 
the rates of ethidium excision at acidic pH. The 
hydrolysis could be followed by an increase (species B) 
or a decrease (species C) of ethidium fluorescence. The 
kinetic analysis revealed that ethidium is excised from 
tRNABd37B nearly four times faster (/ W2 = 6 min at 
20 °C in 0.1 M acetate buffer, pH 4.0) than from 
tRNAe?d e 37c (h/2 = 21 min). In view of the pK values 
mentioned above this result suggests that in species B 
and C of tRNAad37 the ethidium is bound via its 
7-amino and 2-amino groups, respectively. 

Isomeric Ethidium-Containing Oligonucleotides Are 
Derived from Species B and C of tRNA&fa by Nu- 
clease Digestions. The chromatographic pattern of the 
Ty RNAase digestion products of a mixture of 
tRNA^wye, tRNAltd37B, and tRNA^c is shown 
in Fig. 2 A. Ethidium fluorescence was observed in 
two oligonucleotides which were eluted just in front 
of the dodecanucleotide ( — YWye). As judged from 
the relative intensity of ethidium fluorescence, the 
first is derived from species B, the second one 
from species C. This result confirms that in both species 
of tRNAad37 the dye is located only in the correct 
position in the anticodon loop [5]. The slightly dif- 
ferent chromatographic (Fig. 2 A) and electrophoretic 



forms of th'eS - : 



(Table 1) properties of the B and C 
ethidium-containing dodecanucleotide seem to be due]:"; 
to differences in shape. Depending on the steric az^|'^ 
rangement the positively charged ring nitrogen of the'^.\: 
dye may screen backbone charges to different extents^ 
and thereby cause the observed differences. 

Complete Digestion Yields Anomeric Ethidium^ 
Ribosides, Species B and C of tRNAgd^n were digested-; 
separately with a mixture of nucleases (T2 RNAase^ 
snake venom and spleen phosphodiesterase, alkaline; 
phosphatase). Thin-layer chromatography revealed;, 
that both species yield two fluorescent spots, i.e. two, 
forms of the expected ethidium ribofuranosides (Up- 
values 0.12 and 0.34, same for species B and C; free:- 
Etd: 0.25). When extracted from the plate by phenol, 
and rechromatographed each of the spots again 
yielded the same two spots indicating an iso- 
merization of the ethidium ribofuranoside during 
isolation. Two ethidium-containing compounds were 
also observed when the products of T2 RNAase 
digestion of both species B and C of tRNAsfc- 
were separated by paper electrophoresis {fat 
values 0.22 and 0.37; free Etd- -0.06). These 
observations are best explained by assuming that bo ; 
species B and C yield upon total digestion a mix turC ' 
of a and /J anomers of the respective ethidium. ribo- 
furanosides. The anomers are apparently stable during 
chromatography, but interconvert during isolation 
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| Ta ble 1- Electrophoretic mobilities of dye-containing oligonucleotides 
| Th e oligonucleot.des were obtained from the indicated tRNA"" derivative H„ a- 

v olyaaylamide gels containing 7 M urea were run at pH S 6 flil STZ * * ?° ^ T ' (T,) 0r P ancreat i<= (pan) RNAase IS V 




Gm-A-A-yW-A-^p 
Gm-A-A-E(B)-A^p 
Gm-A-A-E(C)-A-i/rp 



tRNA Phe 

tRNAefd37a 

tRNAt^c 



Sffi| hU loop 



pan 
pan 
pan 



G-G-G-A-G-A-G-Cp 
A-G-hU(red)-E(B)-G-G-G-A-G-A-G-Cp 
A-G-hU(red)-E(C)-G-G-G-A-G-A-G-Cp 
A-G-E(B)-E-(B)-G-G-G-A-G-A-G-Cp 
A-G-h U(red)-P-G-G-G-A-G-A-G-Cp 



0.730 
0.730 
0.700 



tRNA Phe 

tRNA|S l6/ ' 7 

tRNAgS l6/l? 

tRNAf? f e 16/I? 

tRNAfr< 16/17 



pan 
pan 
pan 
pan 
pan 



MThe anomers of an ethidium ribofuranoside should 
the same com P°und upon reduction followed 
^SW by reoxidation t0 restore the phenanthridinium sys- 
vj^gtem. However, total digestion experiments with 
/ -j ^^^^»-NaBH 4 -reduced ' " 

.nucleotides r ^^ k 



0.690 
0.595 
0.525 
0.475 
0.540 



:tivity (•) £ 



tor': 
:em ' 



^pmaphc K1 ai l d reoxldized tRNAE&TB and 
tKNA Etd3 7c [5] analogous to those described above 
tegave only inconclusive results. This may be due to 
I|side reactions during reduction and/or reoxidation 
*Avhich cannot be defined at the present time 



the stericSac 
.trogen of 
ferent extenjP^ 
;es. 



'^Characterization of tRNAp h r } zl 



^r f ^rA P Ph e e Vl0USly described separation of two species 
tRNA Pff37 on benzoylated DEAE-cellulose [5] was 

a- '■W&m , ; ^ 1 §- 1B )- According to the oligonucleotide 
^ r VS?^# DaIyS1S ' both '^pounds contain one proflavine at 

T alk m# re CenCe 13 the same in ^e two compounds After 

— tisszt; th h ;°hT sraphy v s '* 

B and C : »Pcom!! I ! het erogeneity of the unreduced 
8 ^ C, ikA^^ » clue to the presence of a and fi anomers. 



ate by ptief|||lt shouJd be mention £ that 



*nnt<" aglff^f eth^^ 1 " uc 1Ilclulunea ^at m contrast to the 
s P° ts a fef cthl dmm-containin compounds the nrnfl™ 

npounds IrnaS ^! Qf the tW0 s P ecies of tRNAi& 7 with T, 
,fT RNAaf f ch^^ r m °" e s ^etnc P-k upon column 

of ^m k^^^-r^ T diti ° nS ° f Fig - 2 ^ 
.horesis -pahle n ^ m ° b,hty m disc 8 el electrophoresis 
-0.06). Tb^;:.; fc 
ning thatbdfe, 

*» a of tRNA'*'. Dye Compound, Labeled 

ithidium fijjgs e " ^ ^oo^ 
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taction of Dihydrouracil in tRNA ri ". Dihydro- 
c " m tRNA has to be reduced in order to be sus- 



ceptible to the replacement by amines. The NaBH* 
reduction of dihydrouracil had previously been per- 
formed at pH 9.8 [19]. However, .as determined 
spectrophotometrically [23], a complete reduction 
of dihydrouracil can be achieved under much milder 
conditions ( P H 7.5, 0°Q [24]. Besides dihydrouracil, 
7-methylguanosine and wybutine are also affected 
these side reactions cannot be avoided since under 
any condition dihydrouracil in tRNA Ph < is reduced 
by NaBH4 at a slower rate than both 7-methyl- 
guanosme and wybutine. At least part of the reduced 
7-methylguanosine is reoxidized to the starting com- 
pound by reaction with oxygen during isolation. It 
has been shown that the modification by reduction of 
wybutine [19] and 7-methylguanosine [13] has little 
or no effect on the activities of tRNA Phe in bio- 
chemical assay systems (see also below). 

rnMlT rati °l Qnd Isolation °f <*NA%h*m and 
JrhA*'"\ Previ °usly the replacement of reduced 
dihydrouracil by ethidium had been performed at 
3 „ [6 J- However, the replacement reaction proceeds 
equally well at pH 4.3 [24]; this condition is much to 
be preferred, since it avoids excision of wybutine" 
see below). According to absorbance measurements 

tPMA°Phc ethl ? iUm Were incorporated/mol reduced 
tKINA , whereas non-reduced tRNA Phc did not 
accept measurable amounts of dye. The incorporation 
of Prf was also found to be strictly dependent on the 
progress of dihydrouracil reduction, both in tRNA Phe 
and tRNA p - h ? Wyc (Fig. 3). The incorporation of pro- 
flavine into fully reduced tRNA Phe was complete 
mini V? 4] - Reversed -P h ase chromatography 
(KPCO) of the products of ethidium incorporation 
rato reduced tRNA"" again separated two ethidium- 
contammg species from non-labeled tRNA pl,e 
(Fig.lC); only the major fluorescent species was 
used for further experiments and is designated 
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Fluorescent tRN A Der - 




13 



^7 16 v 7 

C-A-G-E(B,C)-hU(red)-G-G 




-i — i — i — i — i — i — i — r 

8 O 12 \u ' 
Incubation time (min) 



16 18 



20 



IN 



13 

-C-A- 



13 



V 17 
G-hUCred)-E(B.C)- 



V 16 



17 



V v v 



- C-A-G - E ( B,C) - E ( B. C )-G - C -G - A-G Vg -c - 



Fig. 3. Incorporation of proflavine into reduced tRNA. Per point 2 
.4 26 o units of tRNA Ph< (•, O) or tRNAl h $w ye (■, □) were treated 
with NaBH* (standard procedure in Materials and Methods) for 
various times. The controls were incubated under the same con- 
ditions without addition of NaBH 4 . The isolated tRNA samples 
were reacted with proflavine as~ previously described [5]. The 
absorbance at 463 nrii and 260 nm was measured for the' NaBbU- 
treated (•, ■) and the control samples (O, □) 



Fig. 4. Cleavages in the hU region of tRNA%Z l6 (/j, tRNA Jfo /;, 
and tRNA^iwfin) with T t ( 7) and pancreatic ■( x) RN4 
In I and II the ethidium riboside is present in both B and C f ^ 
giving rise to chromatographically different ethidium-contai^ 5 
oligonucleotides (see text). In III the distribution of B and C fa" 116 
has not been determined. In II no cleavage was observed behv S 
hu(red) and E (B, C) (see text) CCI1 




200 300 400 
Etution volume (ml) 



500 



600 



Fig. 5. DEAE- cellulose chromatography of a pancreatic RNAase digest of f^HJtRNAE^iem- tRNA Phe was reduced with NaB[ 3 H4], treated 
with ethidium bromide, and isolated as described in Materials and Methods. 30 A 2 eo units of the modified tRNA were digested with 
pancreatic RNAase and chromatographed on DEAE-cellulose in the presence of urea as described in Materials and Methods, except that the 
total gradient volume was 800 ml. Aieo ( ), A 5 io ( ), 3 H radioactivity (•■■■•) 



tRNAE?di6/n according to the analytical data pre- 
sented below. A chromatographic profile similar to 
the one shown in Fig. 1C was obtained for 
tRNAprne/i?; also in this case only the major fluo- 
rescent . species was analyzed and used for further 
experiments. 

Oligonucleotide Analyses of iRNA Phe Labeled in 
the hU Loop. The results reported previously [3] and ■ 
above (Fig. 2 A and 3) already prove that dye in- 
corporation into tRNA Phc depends on excision of a 
base (wybutine replacement) or modification of bases 
by NaBFU reduction (dihydrouracil replacement). 
tRNAadi6/i7 was analyzed in order to (a) establish 
the extent to which the reduced dihydrouracil residues 
16 and/or 17 were replaced by ethidium, (b) determine 
the amount of ethidium incorporation at the position 
of 7-methylguanosine which is also reduced by NaBH 4 



(see above), and (c) verify that there is no replacement 
of wybutine under the conditions of ethidium in- 
corporation into reduced tRNA phc . The information 
has been obtained by analyzing the Ti and pancreatic 
RNAase digestion products of tRNAgBie/i? and of 
3 H-labeled tRNA& e 16/17 . Fig. 4 illustrates the ob- 
served cleavage points of the two nucleases in the 
hU region of tRNA^e/n- The chromatographic 
separation of the digestion products is shown in 
• Fig.2B, C, and 5. A detailed discussion of the analyti- 
cal data is given in the miniprint at the end of the paper. 
In brief, the analytical experiments revealed that 
tRNAl&ie/n as isolated by reversed-phase chroma- 
tography (RPC-5; main peak in Fig. 1 C) is a mix^rc 
of tRNAeiSie (38 ± 5%), tRNAgftn (55. ± 5%), a0 
tRNA E? d e 16 + 17 (10 ± 5%). In a small proportion of n 
molecules (10 ± 5%) ethidium is also located at 
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fj." position of 7-methylguanosine. These numbers are 
J based on the ethidium distribution in the absorbance 
;| profile of Fig. 5. No ethidium was found at the wy- 
■|| : butine position. In addition, the analyses have shown 
*| that ethidium is bound in two different ways (de- 
| signated B and C as in the case of tRNA^ d e 37 ), giving 
I rise to two chromatographically different oligonu- 
$ cleotides for both positions. The tRNA species B and C 
' apparently are not separated by reversed-phase chro- 
matography. For tRNA^ f c I6/17 analytical data were 
| obtained by chromatography of the Tj RNAase 
J-digestion products (described in the miniprint part of 
■| the paper) and by the disc electrophoretic analysis of 
I the pancreatic RNAase digestion products. The con- 
I elusions are very similar to the ones described for 
| tRNAE?die/i7 with the exception that in this case 
f there is no clear separation of two different con- 
? densation products. This follows from the observation 
: of a single proflavine-containing-dodecanuclcotide in 
: disc gel electrophoresis which is probably formed by 
digestion of tRNApJfft 7 with pancreatic RNAase in 
- analogy to the digestion of tRNA^ d e 17 (Fig. 4). 

Spectroscopic Properties of tRNA Fhe -Dye Compounds 
/ The visible absorption and fluorescence spectra of 
; free and tRNA-bound ethidium and proflavine have 
: been measured in the absence and presence of Ms 2 + 
' (Table 2). The absorption spectrum of ethidium is 
' red-shifted upon binding to the tRNA. The three ' 
tRNA he -Etd derivatives exhibit somewhat different 
absorption maxima, the differences being most clearly 
expressed in the presence of 10 mM Mg 2 + . The same 
is true for the emission spectra, which show distinct 
differences in the extent to which they are blue-shifted 
relative to the spectrum of the free dye.' There . is no 
quantitative correlation of the extents to which the 
absorption and emission spectra of the three tRNA Phc - 
Etd derivatives are shifted to the red and the blue 
respectively. The quantum . yield of fluorescence 
owever, appears to be related to the X M of emission' 
s "nce the fluorescence intensity is highest for the 
•pcies with the most blue-shifted emission spectra 
he high quantum yield of tRNA p E ?j 37C relative to 
Jat of tRNA p E & 7B , which is also clearly shown in- 
«■ A, should be noted. The visible absorption 
c ra of the two tRNA Phc -Prf derivatives are also 
^Manually red-shifted relative to the free dye whilst 
/ emission spectra are only slightly changed. In 
nirast : to the observations with ethidium, the pro- 

into'tRNA 1 " 650611 " * qUCnChed Upon Corporation 

cJi he - S ^ Ctra ° f the tRNA^-Etd derivatives are 
tra Inn ^ Uen ' ed ^ chan § e s of the M g 2+ concen- 
on. The effect is most clearly expressed when the 

IRMAPh! nCe qUantum y jelds are measured, 
the u ,d 2 3 ' B tRNA ^ 16 / 17 behave similarly: When 
M g concentration is increased from below 
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Table 2. Spectroscopic properties of tRNA^-dye compounds 

The spectra were measured at 24 "C in a buffer containino in ™k/ 

of MgCl 2 the lowest Mg J+ concentration was established by the 
addumnofLernMEDTAtosolutionscontaini nglmMMg ctlh 
fluorescence was orated at 467 nm with a band width of 4 nm 

to the absorbance at 467 nm and are corrected for the wavelength 

SodT 6 sensitivity of the detection system (Ma,erials and 



Compound Free Mg 2 + 



Ab- 
sorption 
(vis A™,,) 



Emission 



Relative 

fluorescence 

intensity 



EtdBr 
tRNAetd37B 



tRNA p E fj l6/17 



Prf 

tRNARfc, 



tRNAff f e 16/n 



mM 

0-10 

< 0.005 
1 

10 

< 0.005 
3 

10 

< 0.005 
1 

10 

0-10 

< 0.005 
1 

10 

< 0.005 
1 

10 



nm 



480 
510 
508 
508 
505 
500 
503 
505 
500 
498 

443 

460 

458 

462 • 

462 

460 

461 



632 
618 
619 
.620 
616 
614 
615 
620 
623 
624 

512 
515 
513 
513 
511 
510 
510 



1.0 
3.2 
2.9 
2.3 
8.5 
9.1 
7.8 
2.5 
2.0 
1.6 

1.00 
0.57 
0.62 
0.61 
0.32 
0.14 
0.13 



0.005 mM to 1 mM and 10 mM the absorption and 
emission spectra are continuously shifted to the blue 
and red respectively, and the quantum yields show a 
continuous decrease. tRNA p E f d c 37C shows a different 
behaviour: the spectral changes which occur between 
the lowest Mg 2 ^concentration and 1 mM M* 2 + are 
partially reversed at 10 mM Mg 2+ ; concomitantly the 
quantum yield, which increases upon addition of 
1 mM Mg- + , decreases again at 10 mM Mg 2 + This 
effect was found to be temperature dependent; it was 
more pronounced at 37°C and was not found at 10°C 
(not shown). Apparently the initial increase of the 
quantum yield of tRNA^ 37C reflects the M^ + - 
mduced folding of the molecule from some unfolded 
state which is to be expected at 24 °C and 37 °C when 
there is practically no Mg 2 + present. The spectral 
changes, however, which occur at Mg 2+ concen- 
trations higher than 1-2 mM have to be ascribed to 
conformational changes of the folded molecule which, 
as will be seen in the next paragraph, is in its native 
state under these conditions. The spectroscopic prop- 
erties of the tRNA phc -Prf compounds were changed 
only slightly upon variation of the Mg 2+ concen- 
tration. 

Absorbance measurements with the tRNA Phe -dye 
compounds purified by reversed-phase chromatogra- 



I 

IE: 



472 



Table 3. Spectroscopic data of the digestion products of tRNA Phe -dye 
compounds 

The spectra have been measured as in Table 2 at 24 °C in 10 mM 
cacodylate, buffer, pH 7.5, J 40 mM ammonium sulphate, 100 mM 
KG, 1 mM MgCh- The digestion mixtures contained in addition 
T2 RNAase (15 .U/ml), spleen phosphodiesterase (0.12 U/ml), snake 
venom phosphodiesterase (0.05 U/ml), and alkaline phosphatase 
(6 U/ml). Digestions were performed at 24 °C until no further change 
of the fluorescence signal was observed; the usual digestion time 
was 2 h, tRNAgd37c had to be digested for 4 h 



Fluorescent tRNA D eri , 



Compound 



Absorption 
(vis. Amai) 



Emission 



Relative 

fluorescence 

intensitv 



nm 



EtdBr 
tRNA p E &7B 
tRNAEtd37B digested 
tRNA&W 
tRNAg?i 3 7c digested 
tRNA p E f d e l6/1? 
tRNABd, 6/ i7 digested 

Prf 

tRNAffe, ■ 
tRNApfei digested 
tRNAEr r e 16/17 

f digested 



480 
508 
498 
500 
495 
500 
495 

443 
458 
451 
460 
452 



632 
618 
624 
614 
625 
622 
623 

513 
513 
513 
510 
512 



1.0 
2.9 
1.1 
9.1 
1.3 
2.0 
1.2 

1.00 
0.62 
1.00 
0.14 
0.70 



phy (RPC-5) have revealed that the absorption coeffi- 
cient of the visible absorption of proflavine decreases 
by about 30% upon binding to the tRNA. The 
absorption coefficient of bound ethidium, however, 
was found to be close (within 10%) to the one of the 
free dye. Thus our earlier assumption [5] of a 30% 
lower absorption coefficient of ethidium in the 
tRNA Phe -Etd compounds is no longer valid. 

It is known that substitutions at the amino groups 
of acridine derivatives and related compounds may 
change their spectroscopic properties. Consequently, 
we have investigated the extent to which the spectra 
of the tRNA-bound dyes are influenced by such 
substitution effects. Because of the lability of the dye- 
ribosides and their tendency to stick to chromato- 
graphic supports, we failed to isolate them from the 
complete digests of the respective tRNA Phe -dye com- 
pounds. Because of these difficulties we have com- 
pletely digested the tRNA-dye compounds under 
conditions where the dye ribosides remained intact; 
this was established by chromatography of the di- 
gestion, products (see above). The spectra of the di- 
gestion mixtures were then measured without isolating 
the products (Table 3). In all cases the total digestion 
of the tRNA Phe -dye derivatives- shifts the spectra 
about half the way back towards those of the free 
dyes. The disappearance of the large quantum yield 
difference of species B and C of tRNA™d37 upon 
digestion should be noted. 



From these observations it is concluded '^W. 
ictrosconic Dronerties nf thp tP\u l. . thegf 



spectroscopic properties of the tRNA-bound d 
determined to a large extent by the particular 
environment at the binding site. Thi c _ . r ' 0 caRg 



seen in the fluorescence intensity data (Table 3^ ■ J 
differences between dye ribosides and free dyes ^^llll s 
are greatest for the absorption spectra, may bed ^Itjf * 
the substitution at the amino groups of the dyes ^ 
interactions of the dye ribosides with othe/^^-f^ 
ponents of the digestion mixtures. An influence oft* 
ribose substituent on the spectrum of the proflav ^ 
riboside is indicated by the observation that an ac 
acid treatment of the digestion products of bofP^S 
tRNAp?f c 3 7 and tRNAgfee/n restores the absorpti 0u ? 
spectrum of the free dye. *" 
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Stability of the Isomeric Forms 
of the tRNA Phe -Dye Derivatives 

. In addition to the rechromatogfaphy mentioned • ^ 
above several experiments have been performed m ; 
order to establish that the isomeric forms of 
tRNAeid37 and tRNApfe? do not interconvert. As 
judged from their spectroscopic and/or chromato- 
graphic properties the isomers were stable during |l 
prolonged incubations under the conditions of the'H"" & 
aminoacylation assay, in the'absence or presence of the 
synthetase. As discussed above the B and C forms of" 
tRNAe?d37 upon nuclease digestion give rise to ettit-T 
diiim-containing oligonucleotides which exhibit de - 
ferent chromatographic (Fig. 2 and 5) and electro- ' 
phoretic (Table 1) properties. The same is true for 
tRNAEidi6/i7..It is concluded that both the B and C 
forms of the ethidium derivatives and the two forms 
of the proflavine derivatives are stable isomers. 
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Activities of tRNA Phe -Dye Compounds % 

High activity in biochemical assay systems is a 
prerequisite for the meaningful use of fluorescent 
tRNA derivatives and probably the most sensitive 
criterion for the presence of the native conformation 
of the tRNA molecule. We have, therefore, extended 
previous studies [5] and have investigated the amino- 
acylation of the tRNA Phc -dye derivatives in some 
detail. ;• 

Aminoacylation with Phenytakmyl-tRNA Synthe- 
tase from Yeast. All tRNA-dye compounds men- 
tioned above could be aminoacylated to at least 80% 
of the charging level of unmodified" tRNA Phe . This 
activity was maintained also through the reversed- 
phase column chromatography when the necessary 
precautions were taken (Materials and Methods). 
Michaelis-Menten kinetics revealed a K m of ^ 
± 0.05 |iM for tRNA Phc and all derivatives mention* 
above. The maximal velocity was lower by appro* 1 ' 
mately 30-50% for the tRNA Phe -dye compounds as 
compared to unmodified tRNA Phc . In addition, ^ 
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: ^^ipg |mcasured m 0.1-ml assays containinR 10 mM Tris-HPl H nU i < 
: « tiff Ka ° J mM A 7?' -^ng c^cenWions of SgcK 
"♦I ^ T.^^ r £ aminoac y'»tion assay (Materia h and 
"Methods); incubation was for 2 min at ?3 °C 

»hy mentione|ll |""' 
performed "|fl | 

to^llk of the aminoacylation rate was 

/or Sa|S| B ;T d r iS ' 6) ' A r3ther l0W (althou § h "early 
stable Z^CrAi C ° DCeDtrat,0n ° fATP (ai mM ) ^ pres- 
ditions of^^\S. CXpe r ent / m ° rder t0 minimize the 
presence of 1« hp ^ °/ ATP " The similar response 

'e rise to e«^ S '!f ^ t ^rations indicates a similar 
* r,! *it- «l!^ Ure °' the two tR NAs. A somewhat higher 



:h r,-:bit cpa^ ;„ , wo tKfNAs - A somewhat higher 

) ^^^mnlT mi ° n W3S < neCeSSary t0 ***** 
*e is WISHES char f S /ate of both tRNA^ 7B and 

h the B anl«Z^^' lnd ™^ *>me structural differences as 
irm^l^ unmodified tRNA Pht . 
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Aminoa <:ylation with Phenvlalanvl iDma c i 

M™ tt' ,R ^ «»"■» rrora £ » ff E »« 

r a w3 ? -in P h«* ■ i luu&iy reported that the activitv n 

of fluoresc^J heterologous assay is partially restored by Tin 
most sensitive^ juration of proflavine into tRNA Phe atth? v 
conformatpWd by excision of wybut e , T^ J? r 

<™^m^ g ° U l -r-ylatL navi bU ex t nded * 
ted the anun^- fw other tRNA Phe -dye derivative, Th\ . 

npounds m=n; Kted (see \JZ Tr^So^^T^ ™ 
^iydrouracil with a Keplacement of reduced di- 
? T f?T ° r ethidium dimini ^es 
*«nSon ? § J ^ Substitutl0n °f wybutine in 
* ^ ylatl T? ^ f ° flaVine ,0WerS the rate of 
[ l0u »ced wTn ;Pw' S £ffeCt " S ° mewhat more P^- 
lA smal ^^"; thldlUI " 15 substi ^ed for wybutine. 

WoffeS m ^ aCtiVIt,CS ° f the B and C 
a «ivi i s „r A t E ^ i^ bserVed ' The C0I "P'«e loss of 
Uj ed bv Moo!? ? ■ tRNA *-. which is 
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Fig. 7. Aminoacylation of lRN4 n ' Jori» n ,- • , 
tRNA synthetase from £ coli Th, V P^nylalanyU 
presence of 1 M fNH ) The , a * was Performed in the 
,aa-.- , ( IN "«)2S0 4 as descrbed orevioudv n<i i 
addition to the svmbols of Fio « m,- r ,i P rev ' ousl y [25]. In 

and tRNAP- U T P) ' NaBH - re duced tRNAffft, (B) 
tRNA Ew3 , (A, the m,x,ure of species B and C was used) 



DISCUSSION 

The location of ethidium or proflavine in the anti' 
codon 0 Ioops Qf four tRN P phc m J » 

es abtahed by the results of the structural analyse 
As judged from the rather high activities in th ho 
aTo i S n°th e an H heter0 , l0 ^ us aminoacylation assay and ' 

[ 0 26 7 the 050 " 1 ? 1 SySt r mS fr ° m Several nanisms 
I 0,2 ,27] the insert.on of the dyes causes only small 
alterations of the native tRNA Phe structure S 
small shift of the M g» optimum of the homobglus ' 



0 at least 
;RNA Phe . This- 

the reversed-- 
the necessary, 
nd Methods)? 

a K of 0U- J- A small diffprpn"""'" 1 u " SU0Sluuted lor wybutine. 
itestndo^.krsof^^ of the B and C 

^ a S te^if ^;- and tRNA ^. is 

1 al- -^ti^y reduCtl0n > 15 Particularly note- 




FT6TsSd n b 0 e f tRNAPh ? y inS6rti0n ° f ^ 
caused hi ? h C ° mpared With the extensi ^ shift 
caused by the excision of wybutine [25]. According 

he d irect structUfal investigatjon ' n J dm y 

resonance spectroscopy has shown that the S 
of proflavine reverses the substantial chants of he 
spectrum which are introduced by the exdL'on of 
wybutine from tRNA Phe PS1 a/h ex cision of 
fnllr,u,,„„ »u u 1 J - As discussed n the 

following, the chromatographic and spectroscooic 
data allow one to develop a rather detailed picture of 
he chemical structure and the steric arrang'emen o 

Fro m n t h 0S i deS '? tRNAPhe - d ye compounds. 
From the knowledge of sugar-amine condensations 

RNA-^ P v r e °! aVine aD , d ethid, ' Um ribosides in the 

nTfor! y f ? f ° UndS ^ eXpeCted t0 be P^ent 
m the form of nbofuranosides. Such a structure is in 

leads to the o P en-cha,n ribitol amine derivatives 
completely abolishes the chargeabtlity of both 
vn^h. f nd tRNA ™ ^ PhenylaLyl-tRNA 
e^To^ OX l ^ (F, ' g - 7) - AcC °'- din S «o the 

of Z ^ tlN I P H^r a ? Sraphy (R?C - 5 ) P rofiles - e ach 
ot the tRNA Phc -dye derivatives is present in tu/n 
isomeric forms (Fig J). No such ^ ^ 

observed with tRNA Phc hvHno,- j ■ . 

iiuna -hydrazine derivatives [7]. 
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As already discussed in the Results section, there 
is a number of observations suggesting that the B and C 
isomers of tRNA^ arise from the condensation at 
the 7-amino and the 2-amino groups of ethidium 
respectively. There is no direct structural proof, 
however ; the alternative explanation by anomensm ap- 
pears rather unlikely but cannot be ruled out com- 
pletely For the proflavine derivatives of tRNA , 
on the other hand, it seems clear that a, 0 anomensm ■ 
explains the appearance of chromatographically sep- 
arable isomeric compounds. 

The different chromatographic behaviour oi the 
isomeric tRNA Phc -dye compounds most likely reflects 
differences of the extent to which the hydrophobic 
■ dyes are exposed at the surface of the tRNA molecule^ 
The most stable configuration is probably determined 
by the interactions between the positively charged 
rin- nitrogens of the dyes and a phosphate group of 
the° backbone and between the aromatic systems of 
dyes and neighboring bases. 

The existence of stacking interactions is suggested 
by comparison of the spectra of the tRNA Phc -dye 
compounds (Table 2) with those of the dyes inter- 
calated in double-stranded DNA. Accordingly, the 
absorption and emission spectra were shifted towards 
the ones of the free dyes when the tRNA-dye com- 
pounds' are enzymatically digested to the nucleoside 
level (Table 3). Evidence for stacking interactions of 
ethidium in the tRNA Phe -Etd derivatives has also been 
obtained by measurements of the rotational relaxation 
times which have shown that the dye in both the 
anticodon and hU loops has. little or no freedom to 
' move relative to the tRNA-molecule [9,30]. ^ 

The spectroscopic properties of the tRNA he -dye 
compounds are found to be dependent on the position 
of the dye in the tRNA-molecule (Table 2). The 
differences are most clearly expressed in the fluores- 
cence properties: the quantum yields of both dyes are 
higher when the adjacent base is an adenine (anti- 
codon loop) than when it is a guanine (hU loop). 
These results are in keeping with similar observations 
which have been reported for the DNA complexes 
of both proflavine [31,32] and ethidium [33]. 

From the data for intercalated ethidium the rather 
high fluorescence of species C of tRNAefe? is 
expected.The comparably low fluorescence of species B 
may be explained on the basis of a recent hypothesis 
concerning the fluorescence of intercalated ethidium 
[34], in which the high fluorescence is ascribed to a 
shielding of the 2-amino group of ethidium against 
access of water. Thus the fluorescence data of Table 2 
indicate that in the highly fluorescent C isomer the 
ethidium is. bound via the 2-amino group whereas in 
the much less fluorescent B isomer the 7-amino group 
has reacted, leaving the 2-amino group free for the 
access of water. The equally low fluorescence of the 
ethidium ribosides (Table 3) is consistent with the 
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interpretation. Thus, the same conclusions with resne '^'' 
to the chemical structure of the tRNA^gy-v 
compounds emerge from the interpretation of the '- 
fluorescence and the analytical data. 

Variation of the Mg 2+ concentration in the m.^ 
range strongly influence the fluorescence properties of 
the tRNA Phe -Etd derivatives (Table 2); more detailed 
investigations [9,30] have shown that the effects are ■ 
probably due to Mg 2 + -induced changes of the equili. " 
brium between different conformations of the tRNA Pht: 
molecule. In the same range of Mg 2+ concentrations 
the rate of the aminoacylation reaction is found to be 
maximal (Fig. 6). The observation that modification 
of the tRNA slightly changes the Mg 2 + optimum of 
the reaction suggests that it is influenced by Mg 2 ^ 
binding to the tRNA. Thus the simultaneous 'oc- 
currence of optimal charging and high flexibility 
indicates that the ability to exist in alternative con- 
formations is an important feature of the functional 
design of the tRNA molecule. 
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FLUORESCENT DERIVATIVES OP YEAST tRNA Phe 
SmTIvlsT 10 ' ANALVSES ° F hU '^P LABELED tRNA 
K. Wintermeyer and H.G. Zachau 
Analyses of tRNA ^^. 

fluorescence were observed Aeeori n» f„ 11 peaKs of Etd 
deteraination on the bfsis'of e£ tu 9 ^ th ^ ^ uant itative 



Wlowtn, „ Etd^riho=?5 * P hoe "« "O"" «' » nucleotide 

Barf- s«*2sis u POn ^s b Lo^%r^c 7 of an Etd 

m * ?h *. which neJded ttrt ti0n e fP" ifflents ^th NaBH/reduced 

^-A-G-a-q!cp f^r?ho t HH;% eXpe ?! e ° f the ^tanucleotide 
'^ophore^ir mnM?^ dihydrouridine region (Fig. 4J . T he 
l0on<1 for the S^^^f Were in the "me range al the ones 

^frying Etd , and c - form of a dodecanucleotide 

perform a more detailed 



^ rr nno p*^ c ana L-roi 

u P«ned 55! at P° s ition t7 Ul in F 
'7 .jj^'nucleotide carrying E 



P^creatic RNAasranFitl 671 7 i*** above| was Rested 
in tl 6 product3 separated on DEAE - 



lucleotides 
:ed by 



iul °se in fh„ 6 P roauct a separated on DEA 

<d / adlo ^tivUy (neaL P rfnH%^ OW 5 d tW ° Peaks ""fining 
C d ^ us t after thl if! S f and 7 in Pi 9 ■ 5). which were 

»nL 6lec ^oreSc ^h??^ le ° tide ' Peak dt 520 
•W ted to haSf J "hS? l f itle f these oligonucleotides were 
. b > pron/ Chain len 9th of 12 nucleotides (TahlP 



«peeted £ro n pancreatic RNAase digestion o£ uwAljji" ln 
Pancreatic RNAase has been reported (1). 

b« S n r ^^^e P d r "urther f "'T 1 " Prolua.^ve not 

Thly are llutel Is IZjZllTL 0 ' l0U aBOUnt of ""eriat. 

that tfiNAPhe which h-S h "§ 16 /! 7 - In addit i°" we found 

tRNA 6C pe^T^ °" 1 " 0le «' M per .ole of 

compares well 1 h t ^ "f 5 ° f Fig * 3 ' This amo «nt 

P res well with the amount of Etd found in peaks 3 plus 4. 

-sssa n: a ; n :he r ^iutron h L s F ^- No r d «a S 

from the anticod „ " 0 ^ nlt^ ? f t the ^^ecanucleotide 

of wy butine with Etd unSr ihe .nnSf. 1 " Pi9 ; 2B) " A "P^«ment 

fore excluded. the con<J itions of Fig. 3 is there- 

Analvsis of cbni?' 16 ™ l 

tRH ^rfi 6 /i7 a« P ^ m f(I r , t I h ^ anaiyti ^ al data ° fa tained for 
be .SSJJ{12d only SrleflJ Si des f ribed f « "d and w iU 

digestion with ?1 ANtaS. i« ^ oligonucleotide pattern after 
in Fig. 2fl. >rf was f IV comparable to the profile shown 
Peak Ilutin/so^what uVr "than Pf^ 1 ^" • heterogeneous 
rather small peak near ?h! ni-!I, P V in Fig * 2B and in a 
addition, two very smIllS« P ?f ti0n °! peak 1 of Fi 9- 2B - ^ 
3 and 4 were obleLeS H? 6 ^ the P os itions of peaks 

product of 7- m Xr9 d anTn e e1ep^ C Le P n r t bably reP " Sent5 ^ 

tide w aa foolr h : „ h LIU « B "i"i«9 dodecanucleo- 
the octanucleotide from ?2! Sfh 5 "Responded to a loss of 
UWAEhe,,..,, BasSd on d ^y d "uridine region as found for 

tBSnRhf i m?v*„!- «* tRNA EtaiS/i7. we conclude that 

REFERENCE 
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Syndesis of Modified nSg1^S^^% { ' - u 




J P r ta Barrio, Maria del Carmen o ' 
Thomas E. England, and ^C V^^^^ rd ' 



abstract: A simple procedure is described 'jf 
c eosuie TO^bisphosphates f m SeMSS^ "" 
cleosides with the use of n Li, L ^^?P9 nd Wg nu- 
- rapid, gives M^^S^^^ 
can be used for a variety of ! , 7 •' ^importantly, 

w,th base and sugar 



RNA ligase re suited S ™! T' ? P ° f Synth(?sis 
in an internal po ti on in the bein £ 'ocated 

method for hTsyTthl c, J 80 "^ 0 ^' Thus - * general 
modified nudeo idi i Z M^"™** 0 * 1 ? COntai " in 8 
nucleosides are fluorescent S many ° f the modified 
be useful in a varta™?It' contai ™& 'hem should 

a variety of physical and biochemical studies 



oligonucle de £ t^T* int0 3 Synthetic 

3',5'-bis P hos P hat. te"e va Hab e RNA 1 ! ° f t m0dified 
■ molecules onto the 3' end I of >• '' 8ase could J oin th ese 
removal 0 fT y P 0 at t Z After 
the modified nl^^^^ 
subsequent RNA ligase reaction f- &CCept0T in a 
idue being placed T»l ? , ' eSU ' t,ns ,n a modif ied res- 
likely tha s £ ' ion" o e t r h n e 3 T °" ■ " ^ U is 
3',5'-bisphos P hate S S n °o l\Z7nT 
the RNA ligase reaction ^7™! I " 3 d ° n ° r 
substrate specificity w hen ' 

ln wc^tT 01 reaction ^ftf^r* 

Pyrop^ 

cient and general bknhrl I" , > Ca " be used for the effi- 
curring 1 H y ta jS* l ,IMof both "aturally oc - 

bisphoUtes m fhrmtdT^ M"* 3 ' (2 '>' 5 '-- 

serted into the seaueZ „? th3t ™ d,fied residues can be in- 

T4 RNA ligase^ ^ribonucleotide with 

Pyr^XtyVchToS Th m SdeCti ; e ph * ph °^'i°n with 
fully in ^ cresol and „ ^ bee " USed succ ^- 

^p«i^SX^5 ntt and se - 

nucleosides (Imaietal iqm. v . , yl group of ""Protected 
& Ouchi, I97 5 7 PrevtJv , ^'^^ Ct al - 1 969 = So ^ 
primary ydr^ « y i I rou ° ^J^, " P hosp h°rylat e 

dary alcohol 22 *"? Z ah ™ blocking secon- 
(Barker & Fo7l 957 Lh ? ^ ^ been SUCCessful 
that with pyropCho v , u 2 * - '? 63) - II was "Ported 

^.^taS^^^ ^ abSCnCe ° f S ° lvent 
-'••'^•^rearn^^ 



Phosphates (Honjo ™a i o^T nUCle ° S ' de 3 ^ 2 ').5'-bis- 
Simoncsitsetal 1975^ n ,H. ' A™™? 15 & Tomasz - ^ 
Phosphate (SimS'rit^ 
Phorylated compounds (TomaTz & I ' gh ' y pho$ - 

have developed conditions fo?oh S " n ° ncsits ' 1975 )- We 
Phosphates under wh e'h ^ n '"""u 8 Van ° US 3 '(2'),5'-bis- 
followed by an extremel , r i° P ° S ? 0ryl Ch, ° ride reacti on, 
cient and mSK" 0 '^ beCOmes both ^ 
bisphosphftesc^b^^ 

I'gase since the y,y component of f T4 : induced RNA 
and the 2', 5' component S ° -/k m ' XtUre 15 the subst rate 
(England & UhSS, ^t) 3 SUbStr3te 3 " inhibitor 
Experimental Section 
Chemicals. Adenosine, AMP D A2'n i „av 

SS^te^ [ rom s - a Ch s - 

P-L BicS /^"Szoad ytld '" C ' PG3 ' P WCre f; ° m 
method of Leon d euf n97 d n ° S,ne T Prepared ^ th « 
of the sugar group after r ii h ?' '""P 1 that the d ^locking 
ethanolif ammonia t r If out with 

ment of the m^ hy thio " ]yl IT^ ^ 24 h ' Dis P la «- 
zoadenosine is bes accnli u T° gr ° Up 10 afford ""-ten- 
is oest accomplished at 1 50 °C during 24 h. The 



' Abbreviations used- one len^r -,kk, ■ ~ r ' " 
nucleoside 3'.5'.bisphospha,e S w I Z T ? r oli 8 on "^o«ide S and 
3 ;.5'-b«ph«p„.^^^^^ «: PA3'p. adenosine 

of the two isomers); melhyationolvL? f Phate: pA P' a mi * tur <= 
suffix "m" ( S0 P a' m2 7 m ^ J hydr0Xyl is indicatcd ^ the 
etheno (so that «C ,™3 «h -^ lcy,,d,ne 2 '- 5, -b'sphosphate) « 
ribofuranosynnndazof 2 ciovr ^ Ud ™ M^S-cLt-t* 

(Secris. et al., 1972); fG ,s I ™ Til*? " D -".bofuranosy([2. 1 -/]p ur i ne 
3^0-ribofuranosyltmid 0 [r 2 . fl S 

•^^2-nie.hylall y lidene)gu a n^ o "a / T S ' ■ ' 977)); " G - 
« 'he trivial name for i Vo-ritofur "; benzoad "osine. which 
quinazoline (Leonard et a ?97 6 ^ H ?" y, i; 8 ;l m, ^ mto »KS^ 
jn,^ 2 -e ( ha ne s u ,ronicac1d;^^^ 





BARRIO* 



9^pl|^ftef the^e. two steps was nead^^ chloride .(50p 

^^hp9ytidine : >vas prepared by the method ^o|j^j^^ kt V- IO to —15 °C. After 4-5 h the r| 

jl^ was preparedjby^^ addition of ice and, immedi^^ 

^^P^pf. Scopes et al. (1977); 1,^-ethenbguanosiite^ of 0.5 M triethylamrhbniuffiW 



^^gjtgod-jpf Sattsangi et al. (1977). Pyrophosphoryl chlori^ The colorless solution was evaporate3fi^S 

^^Mpcepared; by reaction of phosphoric oxide, phc&pli<^u!^ at 20 °C. The residue was dissolv^^/rfaS 

^^righlpride, and chlorine in carbon tetrachloride followin&the ; evaporated several times with 10-mL portions of metharifjl$8| 
gP^gj^t^-.of, Crofts et al. (1960). The compound is stablejfpn ajF^^femciye^the Excess triethylammonium bicarbonate and^tfl 



ll^jcist 1 year when stored desiccated at -20 °C. Thin-layer 
^^chromatography was performed on Brinkman cellulose. E. 
" J f^pJates using isobutyric acid:NH 4 OH:H 2 0, 75:1:24. Nucleo- 
ig^tiaw.were visualized with ultraviolet light. 
'^y^Mppdratus. Ultraviolet absorption spectra were obtained 
l|r/^a~Beckrnan Acta M VI spectrophotometer. 3 'P nuclear 
-;rrikgnetic resonance spectra were obtained on a Varian Asso- 
jciates XL- 1 00- 15 NMR system equipped with a " Digital 
. NMR- 3 data system, operating at 40.5 MHz for 31 P and 100 
MHz for l H. Broadband proton decoupling centered at about 
.5 4.0 was used for proton decoupled phosphorus spectra. 
Deuterium from the D 2 0 solvent was used for field/frequency 
stabilization. Phosphoric acid (85%) in a concentric capillary 
(2-mm O.D.) was used as primary 31 P reference. All spectra 
were obtained by the Fourier transform technique using 16K 
data points and a 2500-Hz bandwidth. 

Enzymes and Enzyme Assays. The source of materials, 
including the 3 H-labeled oligonucleotide acceptor, (Ap) 3 C, 
and the T4 RNA ligase as well as the procedures for running 
the reaction and analyzing the products are described in detail 
in the preceding paper (England & Uhlenbeck, 1978). For the 
evaluation of a modified pNp as a donor, the 30-^L reaction 
mixture contained 0.1 mM [Cyrf- 3 H](Ap) 3 C (330 Ci/mol), 
0.2 mM pNp, 0.5 mM ATP, 50 mM Hepes (pH 8.3), 20 mM 
MgCb, 3.3 mM dithiothreitol, 10 Mg/mL serum albumin, and 
various concentrations of T4 RNA ligase. After 60 min at 37 
°C, the reaction mixtures were spotted on Whatman 3MM 
paper and a decending chromatogram was run in 60:40 (v/v) 
I M ammonium acetate:ethanol. The yield of the slower 
moving (Ap) 3 CpNp product spot was calculated as the per- 
centage of 3 H label migrating at that position. 

The products were characterized as having had a single 
modified nucleotide added to (Ap) 3 C by the series of enzy- 
matic degradations used to identify (Ap) 3 CpAp in the pre- 
ceding paper (England & Uhlenbeck, 1978). Since no 32 P label 
was present in the donor, only the 3 H label in the cytidine can 
be detected. However, in many cases the nucleotide added is 
fluorescent and can be seen on the paper chromatogram, thus 
aiding identification. 

(Ap) 3 CpeA and (Ap) 3 CpC2 / m were prepared in slightly 
larger amounts in order to test their effectiveness as acceptors. 
Each reaction contained 0.25 mM [C>rf- 3 H](Ap) 3 C (285 
Ci/mol), 0.5 mM pNp, 0.5 mM ATP, and 250 U/mL RNA 
ligase in the same buffer used above. After 60 min at 37 °C, 
the products (Ap) 3 CpNp were purified by paper chromatog- 
raphy as above (yield 96% in both cases), After elution from 
the paper, a portion of each (Ap) 3 CpNp was treated with al- 
kaline phosphatase to form the (Ap) 3 CpN, repurified by paper 
chromatography, eluted, and desalted on Bio-Gel P2 (England 
& Uhlenbeck, 1978). 

The additions of pAp to (Ap) 3 Cpt A and to (Ap) 3 CpC2 / m 
were carried out in an analogous manner. Each reaction con- 
tained 10-20 mM [CW- 3 H](Ap) 3 CpN (285 Ci/mol), 90 m M 
[5'- 32 P]pA3'p (3 Ci/mol), 330 juM ATP, and 250 U/mL RNA 
ligase in the same buffer used above. After 18 h at 4 °C, the 
reaction mixtures were analyzed by paper chromatography as 



then chromatographed on a column of DEAE-cellulos£^| 
X 40 cm) with a linear gradient of 0.05 to 0.4 M triethylam^^^^ 
monium bicarbonate, pH 8.0. The fractions containing^trMf 
nucleoside bisphosphate were pooled and evaporated to dryne 
at 20 ° Gas indicated above, giving 85-95% of an unresbiv&j,^ 
mixture of pure nucleoside 2',5'- and 3',5 / -bisphosphate^as>^^^ 
judged b'y 31 P NMR. : : -^§||§f 

lVA^-Ethenoadenosine 3',5'-bisphosphate (peA3 / p) was||||^ 
prepared by chloroacetaldehyde modification of pA3'p (Barrio*' ^* 
et al., 1972). When the reaction was complete, as judged by 
thin-layer chromatography, the solvent was evaporated t6 
dryness under vacuum at 20 °C. The residue was chromato- 
graphed as indicated above in the general preparation of pNp's 
(yield: 90%). 

l,A r2 -(2-Methylallylidene)guanosine 3',5'-bisphosphate 
(p^iG3 / p) was prepared by modification of pG3'p with meth- 
ylmalonaldehyde at pH 4.2 (0.1 M NaOAc buffer) (Moschel 
& Leonard, 1976). Chromatographic purification was carried 
out as indicated above for other pNp's (yield: 50%). Thus, in 
these representative cases, it was satisfactory to modify the 
3',5'-bisphosphates rather than to phosphorylate the modified 
nucleosides. 

Results and Discussion 

Chemistry. Nucleoside 3'(2')t5'-bisphosphates were ob- 
tained selectively by reaction of each unprotected nucleoside 
with pyrophosphoryl chloride at -10 to -15 °C for several 
hours, rapid hydrolysis by means of ice and triethylammonium 
bicarbonate, and column chromatography on DEAE-celluiose 
with a linear gradient of triethylammonium bicacbpnate. The 
nucleoside 3 r (2 f ),5 f -bisphosphates were produced almost 
exclusively under the conditions described. They were iden- 
tified by their spectroscopic, chromatographic, and enzymatic 
properties, and in representative cases by comparison with 
authentic samples. Under the conditions we employed, by- 
products were limited to very small amounts of either 5'- 
monophosphates or higher phosphorylated products. At least 
two conditions proved to be critical for efficient reaction: (a) 
purity of the pyrophosphoryl chloride, which decomposes 
readily when maintained at room temperatureTor several days; 
and (b) temperature of the reaction (Honjo et al., 1963; To- 
masz & Simoncsits, 1975). 

It is unclear why the pyrophosphoryl chloride method of 
bisphosphorylation, which was introduced in 1963 for the 
synthesis of pGp and pip, has not received more attention. 
Limited cognizance of the first report (Honjo et al., 1963) or 
the multiple manipulations described for purification may have 
contributed. In any case, the presently described directions 
have considerably simplified and generalized the procedure. 
For example, 2'-deoxycytidine could be phosphorylated to 
pdCp in high yield and with little hydrolysis of the glycosidic 
bond. Other 3'(2'),5'-bisphosphates produced by this method 
are included in Table I, and one may safely predict extension 
of the method for obtaining additional deoxyribonucleoside- 
3',5'-bisphosphates and modified ribonucleoside 3'(2'),5'-\ 
bisphosphates as well. The procedure also overcomes thee. 
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31 P NMR spectroscopy is a simple and powerful tool for th P 
haractenzat.on of nucleoside 3'(2'),S'.b£ho.JbiS (Tab e 

cieos.de 5 -monophosphates and nucleoside 3'(2') S'-bis 
Phosphates reveals the striking feature that the Up L 2 
experience very I.ttle change from an average value of 5 3 8 
downfie d from 85% H 3 P0 4 , among the compound i t d 
A cumulated evuience indicates that the most avorl co n 
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97S-' ; ? o" er Ct 3l - 1974: Davies & Danyluk ^974 
W,>h a h PPer & f mUh ' 19?5: Evans et '"5) ' 

ucleoside / 5 ' f id r?K C ^ when the "bo- 
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bv ca 0 2f)"„ ThC 3 '- P Signals are shifte d downfield 

by ca. 0.20 ppm from the S'-P average position, a result o the 
3^-P envtronment and the equilibrium among the rotamer ' E 
« E rans. gauche (g~) and gauche (g+) about Cm S'vf 
ava. a le to the 3'-phosphate group Lee & ,? 5 ' 

Me^hy lauon of the 2'-h y droxyl ( P e2'm3'p) or its eTimi a ion 
(pdCp) results ,„ a shielding effect on the 3'-pho S pZ X 
resonance (Table I). l n bo th cases, 2'-OH interact J s re 
Z*^l*^«*y' 1 976a > a "^ -bin. in the iS. 
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" Yields are given as percent of (Ap) 3 C converted to (Ap) 3 GpNp. 




2D ■ 30 
Distance from Origin (cm) 



50 



FIGURE 2: Paper chromatographic analysis of the addition of [5'- 32 P]pAp 
to [Cyrf- 3 H](Ap) 3 OA (A) and (Ap) 3 CpC2'm (B). Open circles are 32 P 
radioactivity; closed circles are 3 H radioactivity. 



laxation of the phosphorus signal is allowed, the 31 P relative 
chemical shifts are useful in structure assignment and in the 
quantitative estimation of proportions in mixtures such as those 
encountered in the present synthesis of 3'(2'),5'-bisphos- 
phates. 

Enzymology. Seven modified nucleoside 3'(2'),5'-bis- 
phosphates were tested for their ability to act as donors with 
[Cyd^U] (Ap) 3 C acceptor and T4 RNA ligase (Table II). A 
twofold excess of donor to acceptor was maintained in each 
reaction in order to ensure that the 3' isomer was present in 
sufficient quantity. The nucleoside 2',5'-bisphosphates do not 
affect the ligation reaction as they are neither substrates nor 
competitive inhibitors of the RNA ligase reaction (England 
& Uhlenbeck, 1978). The lack of activity observed for pC3'- 
m2'p in Table II supports this conclusion. As can also be seen 
in Table II, all six of the modified pNp's with a 3' phosphate 
were active donors and modified oligomers of the type (Ap) 3 - 
CpNp were obtained in excellent yields. The identity of these 
slower moving products was confirmed by digestion of each 
product with ribonuclease A to give radiolabel which comi- 
grated with (Ap) 3 Cp upon analysis by descending paper 
chromatography and ribonuclease A plus alkaline phosphatase 
to convert the product back to 3 H-labeled (Ap) 3 C. Also, in 
most cases the fluorescence of the modified oligonucleotide 
could be detected by examining the paper chromatogram in 
ultraviolet light. 

Although the varying proportions of 3' and 2' isomers pre- 
vent detailed quantitative comparisons, it is evident that the 
modified nucleoside bisphosphates are nearly as good sub- 



beck, 1978), This observation is consistent with the remafk^lp 
lack of specificity of RN A ligase that was noted when adei^^. 
lylated pyrophosphates were used as donors (England etal.f^^S 
1977). • ^Wf ' 

Examples of the addition of pAp to oligonucleotides cori^^ 
taining modified nucleosides are shown in Figure 2. In the 
upper panel the reaction with (Ap) 3 CpeA as the acceptor' is /'?|J§| 
analyzed. Nearly 85% of the 3 H label in the acceptor is con- 'SSlI 
verted to a doubly labeled slower moving product, (Ap) 3 - 
CpeApAp. Since the donor [5'- 32 P]pAp is in excess, a lesser 
fraction of the 32 P label is found in the product. In the lower 
panel, (Ap) 3 CpC2 / mpAp is obtained in 36% yield under 
identical reaction conditions for the acceptor (Ap) 3 CpC2'm. 
The lower yield in the latter-case strengthens the observation 
that the reactivity of an acceptor in the RNA ligase reaction 
is determined by its base composition near the 3' end (England 
& Uhlenbeck, 1978). In each case, the products were identified 
by the resistance of 32 P radiolabel to alkaline phosphatase and 
the production of the expected nucleoside monophosphates 
[Cyrf- J H]Cpand [3'- 32 P]*Ap or [3'- 32 P]C2'm3'p, respectively, 
upon hydrolysis with spleen phosphodiesterase. Thus, modified 
nucleosides can be inserted effectively into internal positions 
in an oligonucleotide sequence. 

Our preparation of nucleoside 3'(2'),5'-bisphosphates from 
the corresponding nucleosides is sufficiently general that a wide 
variety of modified and hypermodified nucleotides can be 
obtained. Since the modified bisphosphates are substrates in 
the RNA ligase reaction, a general method is now available 
for the synthesis of oligoribonucleotides containing modified 
bases at specific positions in the sequences and experiments 
can be designed to clarify the structural and functional roles 
of modified nucleotides in RNA. 
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PAUL KOENIG, SCOTT A. REINES, and CHARLES R. CANTOR, 
Departments of Chemistry and Biological Sciences, Columbia 
University, New York, New York 10027 



Synopsis 

When pyrene butyric acid hydrazide.or pyrene acetic acid hydrazide is attached to single- 
strand RNA 3' termini a red shift in absorbance and substantial hypochromicity are observed. 
A strong induced CD is seen and the fluorescence intensity is quenched by an order of mag- 
nitude. In double-stranded samples, a further 10-fold quenching of fluorescence is seen. 
Several lines of evidence suggest that the residual fluorescence of pyrene butyric acid hy- 
drizide-duplex conjugates arises from a minor species. The most likely possibility is dye 
reacted at a site 6theY;than t the 3 ■ end.^: Some indication exists that 3'-attached pyrene may 
perturb the relative s^ the limits of this reservation, it appears 

that 3'-pyrene conjugates may be rather useful for detecting the existence of duplex regions 
accessible to a dye at the 3' end of complex RN As. 



INTRODUCTION 

There has been considerable interest in the use of pyrene derivatives 
as fluorescent probes of proteins or nucleic acids. The unusually long 
singlet lifetime of pyrene is potentially a great advantage for fluorescence 
anisotropy me^uf ements on" large systems, for dynamic quenching studies, 
and for accuratfe^'energy-trajisfer measurements. Great experimental 
sensitivity is afford^ by thelarge extinction coefficient and high quantum 
yield of pyrene and some derivatives. These advantages are sometimes 
offset by the tendency of pyrene to form excimers, 1 its poor solubility in 
aqueous systems;;and occasional observations of apparent nqnexponential 
fluorescence decay: 2 '' ' : " ' '~' h ' y7 j : 

In the past the pyrene fluorophore has been used directly through non- 
covalent binding 3 and as acoValent probe of proteins by the use of pyrene 
butyric acid anhydrides 4 and $ pyrene maleimide. 5 Some time ago we re- 
ported the.prepifatioh '-of pyrene butyric acid hydrazide (PBH), a probe 
capable of reacting with aldehydes generated by periodate oxidation of 
RNA 3' terr^ of a number of PBH-3'-RNA con- 

jugates will te shown. \" The;prjeparation of a related probe, pyrene acetic 
acid hydrazide (PAH) /will also be described. 

2231 
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MATERIALS AND METHODS 

Synthesis of PAH 

of ST aCetic /^ id ^ synthesized using a modification of the method 
of Bachman and Carmack.? 6.6 g of A1C1 3 were added to 20 ml of n tro 
benzene m a flask in an ice-salt bath (-5°C). To this, 2.6 ml T.oeSc Z 

ll^ Jr^t d ' &nd th6n 5 '° * ° f fine1 ^ ^ound Pyrene were lo^y 
added wath good stemg. The temperature was raised to 10»C and 2 

20^ t K l ! St 4 hr at °° a Ice was add «d with shZg Zn 
20 ml cone HC1 were added and the sample was stirred overnight The 
mixture was extracted with ether and this extract was evapo a ted to dry 

did uIt~ aCetyl ^ ^ r ~ iZed — -d 
The Friedel-Crafts acetyl product was converted to an amide by the 
Wi lgerodt reaction. 1 g of sulfur powder was added to 10 ml of concen 
rated aqueous NH 3 and then H 2 S was bubbled through the^taS' 

SB mi r d1r 0lV6d , T h 7 0lUti0n ^ th6n added to * ^aXmTC 
I^etw^i^^ 1 ^"^ sealed bomb was heated 

to oHe" th.l ^ 6n C °° led ' th * C ° ntents removed *»d Altered 
to collect the brown 1-pyrene acetamide crystals 

flule h d e a Th d l (0 fi 82 f *l ^ diSSOlV6 J d " 12 mI ° f gladal acetic acid and re- 
tluxed. Then. 6 ml of concentrated HC1 were slowly added through th* 

condense, After 75 min of reflux an additional 6 ml of HC1 w Z Padded 

and a yellow precipitate formed. After chilling, the yellow ^ 0^1 

cnlorobenzene The product was purified by silica gel thin-layer chro 
ma ography using either hexane/ethyl acetate (3:2) with several d 0 n s of 
acetic acid or ethyl acetate/methanol/H 2 0/NH 4 OH (10-211) 

to SoZZT ^ ^ draZ ^' ° 10 g ° f the ''W™ acetic ^ was added 
to 30 ml of ethanol along with 20 mg of p-toluene sulfonic acid. The mix 
ture was refluxed and after the first and second hours 10 ml were distUled 
off and replaced by 10 ml of fresh ethanol. The reflux was contin P H 
overnight and then solvent was evaporated under va«£.^JZ£ 

Te S St t C ° 1Umn "J* CHCI * - d fractionl^tainS 
the ester were pooled and evaporated to yield a brown oil which slowly 

produced yellow crystals. The crude pyrene acetic acid ethyl ester (0 14 

g) was added to 0.6 ml hydrazine hydrate and refluxed for 10 mln Then ' 

8 ml of ethanol were added and the sample was refluxed overnight The 

collected by filtration and dried under vacuum. 

Sources of Homopolynucleotides, tRNA, 16S rRNA 

Ma H ;;2m e f rS ° b r ined commerci a»y, Poly (U) from Schwarz/ 
™2seZ*loZ Biopolymers, poly (A) and poly (C) from Miles, and 
were used without further purification. 165 rRNA was kindly provided 
by Dr. Nancy Hsiung. E. coli tRNA™* was provided by Dr. A. D. Kelmers 



of Oak Ridge National Laboratory. Unfractioriated baker's yeast tRNA 
(tRNAjSJJj ; was; obtained from Plenum Scientific Research, Inc. Purified 
tRNA Phe from yeast was obtained from Boehringer-Manheim Biochemi- 
cals. 

Preparation of Fluorescent Conjugates 

In a typical labeling reaction 5 mg of polymer were dissolved in 1 ml of 
6M urea, 0.05M acetate buffer (pH 5.6), along with 10 mg NaI0 4 . The 
reaction mix toe was kept in the dark at room temperature for 45 min. 
Then 0.1 ml of 2M KC1 was added and the solution kept at 4°C for 1 hr, 
after which the KI0 4 crystals were removed by filtration, and the polymer 
precipitated by addition of 2 ml ethanol and cooling to -20°C. The 
polymer was then redissolved in 1 ml of the acetate buffer. To this was 
added 1 ml of dimethylsulfoxide (Me 2 SO) containing 1 mg PBH. The 
solution was incubated for 2 hr at 37°C, and then the polymer was precip- 
itated by adding 0.1 ml 2M NaCl and 2 ml ethanol. The precipitate was 
centrifuged out and redissolved in the buffer 0.01M Tris, 0.003M disodium 
EDTA, and 0.1M NaCl (abbreviated TeN), pH 7.5. The precipitation 
procedure was repeated at least five times until the supernatant no longer 
showed any fluorescence. 

Determination of e 

The absorption coefficient of labeled polymer in TeN, pH 7.5, was de- 
termined indirectly. Labeled polymer in TeN, pH 7.5, was diluted 10-fold 
in the same buffer; another identical sample was diluted 10-fold with 
Me 2 SO. The same dilutions were made on two identical samples of pyrene 
butyric acid (PBA) in 0.2M borate buffer (pH 8.9). The extinction of PBA 
in 90% Me 2 SO, €346 can be computed from the measured absorbances of the 
PBA samples using the known e 34 2 of PBA in buffer, 40,500, 4 because both 
samples have identical concentrations. 

4Me2S0 

£ Me 2 SO - 11346 puffer 

€ 346 " .buffer € 342 
■j. ^342 

The w of free PBA and PBH on polymers in 90% Me 2 SO were assumed 
to be equal because Me 2 SO is known to be an efficient disruptor of secon- 
dary structure. 8 For example, \ max in both cases has "shifted to 346 nm. 
The assumption about the e max of bound PBH in Me 2 SO is likely to be quite 
accurate, and, in any event, is unlikely to change significantly any of the 
results in this paper except for the actual quantitative hypochromicity 
values. Using this assumption, the extinction at X max of each polymer can 
be computed from the ratio of the absorbance of the two polymer samples 
using the fact that their concentrations are equal: 

A buffer 

. buffer _ 71 max Me2S0 

€ max A Me2SO t346 
^346 



' ' ^ Optical Measurements 

Jmilar dicHroism lCD) spectra were obtained on a Jasco circulft 

Absorpuon spectra w&rerua ft, matched 1^ quartz cells in Carv 1 1 



RESULTS 

D ^h^J^ T* feaCted With a vari «ty of 3'-oxidized RNAs (Table I 
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• TABLE; I-'' •■' .. 





~ (nm) 


(xio- 4 ) 


Hypochromicity 
(%) 


Pyrene/ 
Nucleotide 

(M/M xio 4 ) 


PBA(pH 8.9) 


342 


4.05 






PBH-poly (C) 


342 


3.7 b 


8.9 


7.30 „. 


PBH-poly (I) 


343 


3.14 


22.7 


16.2 


PAH-poly (G) 


-344 


3.2 b 


21.2 


-. 8.98 


PBA (benzene) 


345 








PBH-poly (U) 


345 


2.73 


32.8 


: 1.70 


PBH-poly (A) 


348 


2.61 


35.7 


6.23 


PBH-tRNA™ F t . 


349 


2.06 


49.2 


106 



fl All solutions at pH 7.5 unless otherwise noted. 

b Interpolated values using the apparent monotomic decrease in « max with increasing 



indicate that in the sample pyrene is strongly interacting with nucleic acids. 
Presumably, the geometry of the complex formed is such that various 
contributions to the induced CD approximately cancel. 

An indication of the sensitivity to precise geometric arrangement of dye 
and nucleotides is seen by comparing the spectral data of PAH and PBH 




Fig. 1. Absorption spectra of free pyrene butyric acid and PBH-tRNA conjugates. — PBA 
in borate buffer pH 8.9; - - - - - PBH-tRNA^t in TeN, pH £5;— - PBH-tRNA££ t in 90% 
Me 2 SO and PBA in 90% MeaSO (assuming that the molar extinction coefficients of both are 
the same).; ' u. " 
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TABLE II 
Circular Dichrbism of Pyrenennn^p,^., 




PBH-poly (U) 
PBH-poly (C) 
PAH-poly(C)(pH8.2) 
PAH-poly(C)(pH4.2) 
PBH-poly (I) 

PBH-poly (A) 
PBH-poly (A) (pH 5.6) 

PAH-poly(A)(pH4.2) 
PBH-tRNA^,,. 
PBH-tRNA"^ 
PBH-tRNA™ t 
PBH-165 RNA 

■ All solutions at pH 7.5 unless otherwise~noted 

inTaSeTortteS^^ 




Fig. 2. Circular dichroism of 



X (nm) 



2-fo,d exce, of pofyTu) S S? ^ PBH-poly OV) + 

0.5M acetate, 0.5M NaCl pH 5 6 ' ^ NaC '' pH 7 4; PBH - p °ly (A). 




coefficients $! 



ge from a 
ces a large 
epoly(C) 
°' ll asub-?I 
idition of 



conjugates, 
-poly (A) + 
H-Poly(A), 



■;?■■!>?.•■.'••• TABLE -III- . : , :r .,j 
Fluorescence of Pyrene Conjugates'? 





^max (nni) 


^.Quantum Yield 


PBA (pH 8.9) 


377 


0.50 


PBH-poly (C) 


377 


0.053 


; PBH-poly (I) 


378 


.:• 0.073 . 


,; PBH-poly (U) 


379 


0.016 


: ,,, ,PBH r poly..(A) 


.. .379 


, ,: - -Q.084, 




378 




PBH-poly (A) (pH 4.5) 


378 


' ; 6.0O49 b 


PBH-poly (C) (pH 4.0) 


378 


0.0059 b 


PBH-poly. (A)-poly(U) 


c 


0.017 b 


PBH-poly (U)-poly (A) 


c 


0.045 b 


PBH-poly (I)-poly (C) 


c - 


0.030 b 


PBH-poly (C)-poly (I) 


c 


0.026 b 



* All solutions are pH 7.5 unless otherwise noted. 

b Relative values calculated from single-wavelength fluorescence changes. 
c Not determined. 



Me 2 SO (to destroy the secondary structure), the CD is abolished, showing 
that the CD is the result of specific interactions between dye and nucleo- 
tides and not merely the result of chemical conjugation. 
^Changes in fluorescence (Table IE) are the most dramatic indication that 
Pyrene attached to JRN A 3' termini senses some aspects of local structure 
there. The pyrene fluorescence is quenched approximately tenfold on 




Ill 



Fig. 3. Fluorescence of PBH-poly (A) (X) and PBH-poly (C) (■) as a function of pH. 



conjugation to a single strand, and another tenfold when single strandsfc 
converted to double-stranded forms. Whatever the exact molecuP 
mechanism, PBH is obviously a sensitive probe of secondary structure. I|| 
example, the pH-dependent single-strand to double-strand conversion p 
poly (A) and poly (C) was monitored by following PBH fluorescence (Fi| 
3). The quenching on going from single- to double-stranded forms appear* 
to result from a more efficient integration of the dye into the ordered 
double-stranded structure. Dimethylsulfoxide has a dramatic effect cj 
the fluorescence of all double-stranded PBH-conjugates. By 50-60% 
Me 2 SO the fluorescence is increased up to the levels seen in single strands 
under similar conditions. 

By extrapolation one might speculate that if in double-stranded struc- 
tures pyrene were inserted into a perfectly ordered double strand the flu- 
orescence would be totally quenched. The small amount of fluorescence 
remaining in the double-stranded structures might then represent the 
fluorescence of a minor species. This could be due to some polymer mol- 
ecules with 3' termini not base paired, occasional pyrenes attached at places 
other than the 3' end or simple equilibrium between intercalculated dyes 
and those in contact with solvent. 

The idea that the pyrene fluorescence in double strands comes from only 
a subset of the attached probes is supported by evidence that the probe 
population which yields the absorption spectrum is not identical to the 
fluorescing population. Corrected excitation spectra do not match cor- 
responding absorption spectra, but resemble rather the absorption of free 
PBA (Table IV). The fluorescence lifetimes of PBH conjugates are not 
shortened to the same extent as the quantum yields. One component of 
the conjugate lifetime spectrum is nearly as long as the lifetime of free PBA 
(Fig. 4). In addition, I~ quenching experiments show that the fluorescent 
species is quenched with a collisional rate constant similar to that of free 
PBA (Table V), implying that the fluorescing species is at least partially 
exposed. 

These results suggest that the residual pyrene fluorescence in double- 
stranded samples is due to a minor species, but they do not distinguish 
among the three possibilities raised above. Indirect evidence tends to favor 
the idea of occasional pyrene side reactions. There is precedent for the 
direct reaction of hydrazines with nucleic acid bases. 12 Indeed, RNA 
samples which have not been periodate oxidized typically react covalent 
with PBH at about 1% the level of oxidized samples. 6 The apparent rela- - 
tive quantum yields of pyrene in double-stranded structures are always 
less than single strands, but absolute magnitudes are not reproducible. 
This could be explained by variability in the extent of such nonspecific 
hydrazine reaction. Because of the almost total quenching of 3'-attached 
PBH even 1% side reaction would be sufficient to explain the residual flu- 
orescence in double strands. This implies that when pyrene fluorescence 
is used to monitor conformation changes the most accurate procedure may 
be to subtract any observed duplex fluorescence and use only the remainder 
as an indicator of the fraction of molecules with unpaired ends. 
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• ffCorrec^^ Pyrene Conjugates 





Absorption X max 
(nm) 


Excitation X, 
(nm) 


PBA (0.2M borate, pH 8.9) 
PBA (96%;Me 2 SO) - / 
PBH;tRNAM (90% Me^SO) . , " .■; 
PBH r t^ .7 
PBA (benzene) . ; . .: ^ 7 v~" t - ** 


342 
346 
346 
348 

r l . . : '345 . ... 


342 
346 
346 
343 
344 



A large fluorescent probe, like PBH has the inherent risk of inducing 
significant structural perturbations.,, Usually it is difficult to obtain direct 
evidence for or against this possibility. In the case of homopolymer du- 
plexes, however, we have seen some indications that 3'-attached PBH alters 
the relative stability of duplex regions near the site of dye attachment. 
When PBH is attached to poly (A) or poly (I), subsequent addition of poly 
(U) or poly (C), respectively, yields fluorescence changes which parallel a 
normal titration (Fig. 5). However, when PBH labeled poly (C) is titrated 
with poly (I), the fluorescence indicates completion of duplex formation 
at a stoichiometry significantly less than 1 poly (I) = 1 poly (C). Presum- 
ably poly (I) prefers to bind to 3' ends of the poly (G) in the vicinity of the 
dye. 



10 



10 



CO 

■2' 
O 

u 



10 



10 



V : 

\ \ 


■ r 




\ 


■ + *v 

+ 


\ 


+ 

+ 

- 1 I . 


1 1 



: 50 



100 150 
CHANNEL 



200 



250 



Fig. 4, Fluorescence decay of free PBA in borate buffer, pH 8.9 (X) and PBH-tRNA in 
0.01M Tris, O.OLAf MgOAc, pH 7,5 (•). The tail of the exciting pulse is also indicated (+)- 
Straight lines through sections of the decay correspond to lifetimes of 45 and 82 nsec for 
PBH-tRNA and 94 nsec for PBA. One channel is equal to 1.55 nsec. 
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••••••v- . TABLED :, ... t ........„. . 

Iodide Quenching of Pyrene and Pyrene Con jugates 

PBA (pH8.9) 



PBH-tRNA££ 



PBH-Poly (U) 



84.2 X 10" 9 
2.67 X 10 8 



106 X 10" 9 
1.77X108 



T o(sec) ' 1 18.6 X 10-» 

K,(L/mol sec ) 4.33 X 10 8 ,. DY x 1U . . . L?? x 1Q8 

flulUl^Irr r d quenchin F^ = 1 + *« *• ?«• F 0 arid r„ are the fluorescence and 
fluorescent hfetunes, respecfvely, in the absence of quencher. F is trie fluorescence at a riven 
concentrate 0 f quencher [<?]:-*, is the apparent collisional rate constoT ' 

In contrast, titration of labeled poly (U) with poly (A) is surprisingly 
complicated as shown in Fig. 5. The low level of fluorescence of PBH-poly 
(UJ in the absence of poly (A) suggests an ordered structure. One possible 
explanation is that PBH induces a poly (U)-poly (U) duplex structure** 




120 



u 

Si 

UJ 

o 

CO 
UJ 

o: 
O 



60 



UJ 

> 



< 40 



UJ 

q: 



1 

)- 


1 ^ 

(a) - 


)A 




>- \ 

\ 

L « ■« g m » \ 




1 


i 



u i 2 

EQUIVALENTS OF UNLABELED POLYMER 




0 i 2 
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singly 
■(-poly 
■ssible 
ture 13 



n^'ar its; site of attachment. There is- ^preciablfehy^ghiomism and CD 
'^^^l^iP^cl to poly (U) iirspi#6f tSfactth>Mis pplymer is 
believed to have little or no base stacking at room tem'^ature in dilute 
salt. 14 This may reflect a pyrene-induced formation of stacked or duplex 
structures. Further, evidence comes from the marked temperature de- 
pendence of the CD of PBH-poly (U). [0 max ] is halved when the temper- 
ature is raised from 2 to 27°C. Under the conditions used for the experi- 
ment shown in Fig. 5(a), poly (A)-poly (U) mixtures will form triple-strand 
poly.(A)-2 poly (U) as long as the pply,(U):poiy .(A) ratio is greater than 1:1." 
Apparently this proceeds without significant change in the fluorescence 
of PBH at the 3' end of poly (U). As more poly (A) is added, the 2:1 com- 
plex will convert to poly (A)-poly (U). This is accompanied by an increase 
inpyrene fluorescence. It appears that 3'-PBH poly (U) derivatives may 
be very useful in discriminating between triple- and double-stranded poly 
(U)-containing structures. 
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DISCUSSION 

The results presented above indicate that 3'-attached PBH or PAH can 
detect the presence of nearby duplex structure in polynucleotide complexes. 
A Watson-Crick duplex is not required, since acid double-helices of poly 
(A) and poly (C) show similar quenching. It is not necessary that the actual 
residue to which the PBH is attached be involved in duplex. PBH-3'-tRNA 
conjugates show a comparable quenching. There is every indication in the 
crystal 1 ^ arid in solution^!? that the i^-QCA end is not base-paired in 
tRNA. Our suspicion is that PBH attached at the 3' end can bend' back 
and intercalate into the adjacent stem duplex of the tRNA. Since PAH 
and PBH show similar effects, there is apparently some flexibility in the 
approach of the dye to the site which causes its quenching. Since PBH- 
3'-165 rRNA conjugates show the characteristic duplex quenching, there 
must be a double-strand region accessible to a dye on the 3' end. This may 
be the hairpin loop suggested to exist near the 3' end 20 - 21 or it may be any 
nearby double-stranded region. 

, : It appears that PBH.and PAH conjugates may be useful for exploring 
conformation near the 3' ends of various RNAs. The large fluorescence 
changes and great intensity of the free chromophore encourages experi- 
ments on viral or mRNAs and fragments which may be difficult to prepare 
in sufficient quantities for more conventional techniques. 

The authors are grateful to Mr. R. H. Fairclough and Drs. R. G. Langlois, and P. Solomon 
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Introduction 

format™ concerning the correlation S?^ ^ em P lo y ed i" gaining in- 
funct.cn I„ this regard, applications 0^0"^ '^ StrUC,ure and " biolojcal 

tural and dynamic properties of macromnf P L ' 3 " d man y Va '"»We struc- 

vews outlining the many uses nd ad j ? LT^ ^ bee " obtained - ^ 
study or b 10 logically i mpor t ant macSmol C u s t! T u^ 6 , s P ec,r °*=° P y the 
experiments using fluorescence technZes ^ 

structure of nucleic acids are feasible 7wes«n« « ^ 8 "* three - di ™"«ional 
«* nucleic aad chemistry because of he E ? tr ° SC ° Py has had limited use 
cent nucleosides/ Because of the attract.W . °<*urrence in nature of fiuores- 
afford m studying the tertiary s. uc ure 'f rnS "/^ that flu °««*nce techniques 
chemical means by which fluoSf orol^ ^ We haVe ende *vored to devE 
fer RNA and into the dinucleot d TcoZ ^ ^""reduced selectively into trans 
versatile and highly n^^S^^ " " AD + and F «»to£ 
e P ,n understanding the «rm£^ a a ^"}*«*™Py can be used To 
tant molecules.' unct,on relationships operating in these impor- 
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temperature. Among the mod fie X fe H « M '"«'PH.»d M1 ffi 
7-methylguanosine, 4-thiouridine and " i <,r , °! from tRNA - «he Y ba.es 
cence studies on dinuctot^^^SS^c* ^ 

^WttSl 0 "" CM-05829 from tne National I.titutes or 
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cal background and lo illustrate possible uses of fluorescence techniques- in the 
investigation or tRNA tertiary structure. 'ci-nniques in the 

Located on the 3'-end or the anticodon or the phenylalanine-specific tRNAs from 
several sources, the structures of the Y bases found in baker's yeast,' toruYa y/as " 
and bovine liver' have been reported. That the Y base resides in a hydrophobic or 
stacked environment within the anticodon loop is indicated by the 15-nm blue hir 
witnessed for the emission maximum of Y in yeas. tRNA-.- From the r suits o 
fluorescence depolarization studies,- the orientation or Y in the anlodon Tool t 
not ngidly fixed in yeast tRNA"-. However, changes in the degree of polarization 0 f 
fluorescence w„h increased temperature show that Y base is held within cmam 
limits in the anticodon loop and that these limits disappear as the tRNA structure ! 
disrupted^ Fluorescence studies or oligonucleotides excised from yeast tRNA Ph ' 
have further aided in understanding the molecular environment or the Y base in the 
anticodon loop." In mvestigating the mechanism of tRNA action. Y fluorescent 
was monitored m the presence of the complementary codon or yeast tRNA Phe 1 ' The 
aSS h 5* ^T* USed '° Calc , ulale associali °" constants for codon! 
ZTu2rfZ g « SCVeral tem P era,ur « n ln ad d"ion to investigations probing 
the structural and dynamic properties of the anticodon region, the fluorescence of Y 
basejms been used to monitor changes in tRNA tertiary structure. Romer et al > * 
combining several experimental techniques including fluorescence, have identified 
some five conformational transitions in the melting of yeast tRNA"-. Changes in Y 
fluorescence have also been found to be. a sensitive means of monitoring tRNA 
conformational changes induced by the presence or absence of magnesium^-' A 
fourfold enhancement or fluorescence in beef liver tRNA Phc 1 ». and yeast tRNA Phc " 
was observed over the magnesium concentration range of 0-0.4 mM Concomitant 
chan ges m the ORD 19 and CD- spectra as well as hypochromicity cLngeT'» - 
lend support to the proposal that this enhancement is in response to conformational 

of yeS ; n RNA- o^ A h dditi0na, StUdi " inV0 ' Vin i the dependen « °^minoac laZ 
o yeast tRNA on the presence or magnesium 21 farther confirm the fact that the 

fluorescence enhancement represents the conversion of the tRNA phe to its biolog- 
ical^ active form principally through the formation of a tertiary structure. That Sfe 
binding of yeas. Phe-tRNA synthetase to purified yeast tRNA he in the absence o 
2h 7? D K,?,? n enhancement or fluorescence intensity similar to that ob 

onclusl » f k PreSe " Ce ° f ma8nesium als0 confir ™ «« Proposed 
n?r C n r ^ ° bserva,10ns lnv °' v ''"8 enhancement or fluorescence in the 

presence or magnesium have been made by other groups. 13 '" Still farther evidence 
of the dependence or tRNA tertiary structure on the presence of magn fam is round 

ZtZTZT't th v bindin8 ° f flU ° reSCen ' d *" 10 tRNA - EthidiZ omid 
was found to b.nd close to Y ,n the absence or magnesium and considerably farther 
away in ,ts presence" This dependence of Y fluorescence on magnesium concent a 
t>on should be remembered if the fluorescence assay reported by Yoshikamie" al % 
used. Finally, attachment of three different fluorescent dyes to the periodaT -oxidized 
3 -end of yeast tRNA Ph * has made possible the use of resonant energy transfer n 
determining the distance from the Y base in the anticodon loop fo the ■ -CCA 
3 -terminus of yeast tRNA-. Using Y base as the energy donor and ehher 
aenflavme proflavmyl acetic acid hydrazide. or 9-hydrazoacridine as ?he en gy 

SSx^SS^ were ab,e 10 determ,ne that the fluorophores « « 

Fluorescent Analogs of Nucleosides 

of nl? 6 abSe K Ce ° f na ^ ra " y ° CCUrring fluorescent nucleosides, fluorescent analogs 
of nucleosides, because they are substrates for many nucleic acid metabolic enzymes, 
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cnJl] "^ST^f * ° f nudeic 0,i g0 - and D0 ,v , • 
riboside," fonnycin » ™Tj Hp 2 - am,n °P"rine riboside " 3 " d /, 0,ynUC,eot,des 
the weak fluorescent • deazanebu,ar ''n 2 7 :8 have 2 ' 6 - d,a mmopurine 

poralion of form,™ inio the f i 11 " ''■ "Ported [fce ,„, <hl ™« l >«l 
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escent nucleosides, fluorescent analogs 
many nucleic acid metabolic enzymes, 
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been uSt T^to^ to ' abe ' 'P^ally the 3. and „ „ ■ 
attaching fluo sc ent m f° UpS cova ' en ^-^o iRnXs A 6 °f tRNA have 
tRNA molecule invo vw t^fo "'T* '"Wanto "roups^ t'Tl ^ h < 
choice and the periodaTe ox ;l / v° ° f 3 Schi,rbase CtJ i ° f the 

reported this procedure I f 3 - term ''nal ribose unit K ^"^fcentdye of 
-ed the ,a be ,K; '° 3 ^ of crud "ytst R^ ^ 

the size and shape of the tRNA , P ola nzat.on studies to obtain h , A and 
label crude £. „li : r5 i m °' eCUle in s °'"tion. 3 ^Usin^ , 3Ia COncernin 8 
degree of fl„o r ,™ NA Wlth «riflavine» Millar \?a 8 a s,mi,a r procedure to 

with ^narfcvi'r^ tRNA befeS-' Tat tT^ 

penments using Y bav fl„ nd acr yfonitri| e 37 l n , ? treatment 

proflavinyl aceuc acid hvH 'f 6 "" in resona <" energy ranT ^ deSCn ' bed ex ' 
yeast tRNA p ^ lie 1 h * dra2ld e, and 9-hydrazoacrid n! ? Studles < acriflavine 
-thods wih p o£f v i S a Pr r dureJ5 * :« Tare 6 " b ° Undt0 3'-end of 

'oop of tRNAs, so that he ■ ' ' d,Um br ° m,de P*«*5 in m \l PPhed u ^re scence 
synthetases cou | d be,, £ ' nt u eract '°n of these purifcd ,pSi? P . 0 u r Ihe antic °don 
The major drawback o fh ^ "J"" 5 of AuorescTnS C ° gnate 
im ° tRNA is that „ v? penodate me 'hod in intm^, Q ° n lech nique S ." 

J^SIT?,^ ?^"SSu?3S£ ^ tRNA^by 
Ganges of the?R NA "< 1J' S Pr ° be prOVed t0 °e ver/ en s?^? 3 ' u RNA '"- The 
"CCA terminus and t he bir,; 5 '° Stud * th ^ ki 2i« " ba,V° ^ S ' rUCtUral 
«Portedagenera"me hod^ r 8 ° f ma « n «'"m to tRNA° e Ya loni2 ation in the 
,nvo 'v« m^ifica Jon ' f rt, ^ P u P3nng tRNAs ^ecificaHv labl. 8 ^ Soil have 

« fo« fluorescent^ - 5 p P ° m Phate with ^offiXtoKf ' hat 

denvat ves nf a„»u 7 , rre| iminary studies of f '? °J Idate derivatives 
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between the fluorescent probes and the tRNA 



significant interaction 
macromolecule. 41 

Another general chemical method for introducing fluorescent probes into tRNA 
involves the insertion of fluorescent dyes bearing primary amino groups into the 
positions of selectively removed modified bases. 42 - 43 Dihydrouracil 7 
methylguanine, and Y base can be specifically excised from tRNA, leaving the 
aldehyde at the C, carbon of the ribcse available for Schiff base formation with 
the fluorescent dye. 43 Wintermeyer and Zachau have reported the insertion of 
proflavine and ethidium bromide into various positions of tRNA Phc and tRNA S(r 
from yeast using this procedure. 43 The main drawback of this method is that inser- 
tion of dye into every available tRNA. molecule is difficult to achieve Friest et al 
have utilized this method to insert 3-methyl-2-benzothiazolone hydrazone into Y- 
excised yeast tRNA , however, the product was only weakly fluorescent. 44 The 
labeled tRNAs can be aminoacylated so that they can be used in studying tRNA- 
synthetase interactions. 43 1 

Fluorescent groups have also been introduced into tRNAs by reaction with the 
purine and pynmidme bases. Chemical modification of tRNA with N-acetoxy-?- 
acetylaminofluorene, which reacts with guanosine at position 8, has been carried 
out, but the fluorescence emission of the fluorophore in the modified tRNA is 
too weak to be useful as such. The reaction of 4-bromomethyl-7-methoxy-2-oxo-2H- 
benzopyran (BMB)+ with 4-thiouridine produces a fluorescent derivative (I, 

FLUORESCENT DEWWTIVE5 FDR - 

*u * c c 

XT- 



.Cyd 

in ,„ 
7«*t 

JOOnm 400 nm ■ 

J«7nm SSOwn 

R = ribosyi) with the properties shown/" The fluorescence is caused by emission 
from the excited coumann ring, and the pyrimidine ring has little, if any, effect on the 
fluorescence. This example from our laboratory or a fluorescent reagent givine a 
product having the same unit responsible for the fluorescence typifies the casein 
which it is obviously necessary to remove unreacted reagent completely in order to 
be assured that the fluorescence properties recorded are alone due to the product and 
its environment. A second and possibly "cleaner" approach to the introduction of 
fluorescence has been used in our laboratory that involves the use of a nonfluorescent 
reagent, usually a small molecule. This approach is exemplified by the reaction of 
chloroacetaldehyde specifically and quantitatively with adenosine and cytidine to 
form fluorescent derivatives (II, III, R = ribosyi) having different emission character- 
ises, as shown, making them easily distinguishable. In these cases, the chloroacetal- 

t Abbreviations following the 1UPAC-IUB Commission on Biochemical Nomenclature 1971 
recommendat.ons (J. Mol. Biol. 55: 299) are used throughout. BMB reagent is 4-bromomethyl- 
7- m ethox y .2-oxo-2H.benzopyran. The abbreviation - stands for etheno, so that ^adenosine 
cAdo is 3-/!-D-nbofuranosylimida Z o[2.l-i]p U rine (l,A"-ethenoadenosine). and ^cytidine 
M,h y dro - 5 .-°*°- 6 f D-ribofuranosylimidazo(2,l-c]pyrimidine (3,/V<-ethenocyti- 
ame). The corresponding nucleotide derivatives are abbreviated by adding 'V before the 
approved abbrevmtions, i.e., £ ATP, eCTP, eADP, cAMP, £ cAMP, etc. 
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reported the reaction of chloroacetaldehyde with 9-methyladenine and J- 
methylcytosine, and this led us to examine further the reaction of chloroacetaldehyde 
with the nucleosides adenosine and cytidine with the hope and subsequent realiza- 
tion that the products would be fluorescent. 62 While 3,N 4 -ethenocytidine (III, 
R = ribosyl) 62 has had limited use as a fluorescent probe because it is fluorescent 
only in the protonated form, the fluorescence properties of l,A r6 -ethenoadenosine 62 
and its nucleotide derivatives 62 * 63 have been exploited in numerous investigations of 
biological systems. 

The chloroacetaldehyde modification reaction offers great advantages in render- 
ing nucleic acid bases in biological systems fluorescent, since the reaction meets the 
major goal of being capable of being carried out in aqueous media under mild 
conditions of pH and temperature. 62 ' 63 The reaction at 37° proceeded rapidly at the 
optimum pH of 4.5 for adenosine and 3.5 for cytidine. 62 * 64 The formation of 
the etheno bridge, since it is symmetrical, does not establish the direction of its 
incorporation, although the formal mechanism involving reaction of the a-carbon 
with N-l and the aldehyde carbon with N 6 envisaged in the case of adenosine was 
corroborated by deuterium-labeling studies and nmr analysis. 63 X-ray analysis of the 
product of the reaction of a-chlorobutyraldehyde established its structure as 7-ethyl- 
3-^D-ribofuranosylimidazo[2J-i]purine hydrochloride (VIII), which did establish 

H0H 2 C^J 
HO OH 

VIM 

that the N-l of adenosine had displaced the chlorine from the a-carbon of the 
aldehyde. 65 The crystal structure also showed the excellent "stacking" properties of 
the e-adenine rings, for in the nonpolar region of the monoclinic mpnohydrate there 
are infinite stacks of overlapping e-adenine rings with alternate ring separations of 
3.344 and 3.324 A. The bare ring system, imidazo[2,l-i]purine, was first formed by 
acid treatment of 6-formylmethyladenine, and its pyrimidine ring opening and reclo- 
sure have been effected by Shaw and Smallwood. 66 Yip and Tsou 67 modified the 
l,N 6 -ethenoadenosine structure (U, R = ribosyl) by basic hydrolysis to remove the 
original C-2 of the adenine moiety followed by treatment with nitrous acid to give 
2-aza-l,/V 6 -ethenoadenosine (IX, R' ~ H). The sequential treatments with base and 
nitrous acid are too harsh to make this further modification of e-adenosine applic- 
able to intact RNAs, but the structures realized at the nucleoside and nucleotide level 
are of interest because of the long wavelength of fluorescence emission (494 nm) of 
compounds of type IX. * ■ " 

Other a-haloaidehydes in general are less water-soluble arid react more slowly - 
than chloroacetaldehyde with adenosine and its derivatives. These include 
a-chloropropionaldehyde, 6 *"a-ch]orobutyraldehyde, 64,65 a-bromovaleraldehyde, 68 
and 2-bromo-2-phenylacetaldehyde, 68 leading to 7-methyl, 7-ethyK 7-propyl-, and 
7-phenyM,/V 6 -ethenoadenosine derivatives, respectively. The chloroacetaldehyde 
reaction has also been applied to analogs of cAMP having CH 2 in place of the 5'-0 
(X). Another source of 7-alkyl-l,JV 6 -ethenoadenosine derivatives is in the mild oxida- 
tive cyciization of N 6 -(A 2 -isopentenyl)adenosine. 69 8-Phenyl-l,N 6 -ethcnoadenosine 
derivatives have been synthesized using a-bromoacetophenone. 64,68 * 70 7,8- 
Dimethylimidazo[2,l-i]purine, with double substitution .on the new ring, was 
prepared from /?-acetylvinyltriphenylphosphonium bromide and adenine. 71 
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eAMP in aqueous solution over the pH range 1.5- 12.0,. which were indicative that 
only one fluorescent emitting species exists, namely, the unprotonated form. 76 The 
loss at low pH of fluorescence emission at 415 nm from the neutral 
l,/V 6 -ethenoadenine fluorophore is due to the conversion of the fluorescent unpro- 
tonated form to the nonfluorescent protonated form by protonation at N-9 (see VIII 
for numbering). The observation that the fluorescence quantum efficiency for £-9- 
propyladenine (II, R = propyl) in anhydrous dioxane, where it cannot acquire a 
proton in the excited state, is 86% that of cAMP at pH 6.8 in aqueous solution 
provided direct evidence that the unprotonated form of the e-adenine fluorophore is 
responsible for the fluorescence emission. 76 The useful fluorescence properties of 
l,/V 6 -ethenoadenosine have been summarized as: 1) long wavelength uv absorption 
which allows excitation outside the range of absorption of proteins and most nucleic 
acids; 2) intense fluorescence at 415 nm which allows its detection in the presence of 
protein; 3) a quantum yield of about 0.6 which allows ready detection at concentra- 
tions below 10" 8 M; 4) long fluorescence lifetime (23 nsec for eAMP) which allows 
depolarization studies of l,A r6 -ethenoadenosine fluorescence from nucleotide deriva- 
tives bound to molecules as large as 250,000 Daltons, and 5) small structural change 
to adenosine which allows the biological activity of modified coenzymes to be 
preserved to a considerable extent with some enzymes. 63 



Activity of 1,/v" 6 -Ethenoadenosine Nucleotides in Biological Systems 

In ascertaining the activity of l,/V 6 -ethenoadenosine nucleotides in biological 
systems, eAMP, eADP, eATP, and scAMP (II, R variant) have been substituted for I 
the corresponding adenosine nucleotides in various enzyme systems. 63 ' 68 ' 70 - 77 ~ 87 f 
The ability of the l,A r6 -ethenoadenosine nucleotides to act as substrates in these .! 
systems was found to depend on the specificity of the enzyme-binding site and varied ) 
from no activity in some cases (eATP with firefly luciferase 78 ) to full activity in others I 
(eATP with myosin ATPase 77 ). Binding studies of eADP to pyruvate kinase, 88 to ( 
myosin, H-meromyosin, and subfragment one, 89 and to a mitochondrial ATPase, 90 
and of sATP to pyruvate kinase, 88 H-meromyosin, 91 and aspartate ) 
transcarbamylase 92 have exploited the useful fluorescent properties of j 
l,/V 6 -ethenoadenosine nucleotide derivatives in gaining more detailed information ) 
concerning these enzyme systems. It should be recognized that in cases where the 
e-nucleotide shows appreciable activity with a particular enzyme system, it can be 
concluded that the 1,jY 6 region is not required for binding. Conversely, when activity 
is absent, the 1,/v* 6 region may be required for binding or at least there must be no 
molecular protrusion in this part of the molecule. At all times, great care must be 
taken to obtain pure E-nucleotide, so that the activity of any trace of the normal 
cofactor still present will not be mistaken for possible activity of the chloroacet- 
aldehyde product. In further utilization of the intense fluorescence of 
l,N 6 -ethenoadenosine, fluorometric assays 93,94 and a spray reagent 95 have been 
developed for the detection of adenosine derivatives. 



Etheno Derivatives at the Oligo-, Poly- and Dinucleotide Levels 

The properties of l,N 6 -ethenoadenosine and 3,/V 4 -ethenocytidine have also been 
investigated at the oligo- and polynucleotide levels. Cytidylyl(3' 5')uridine (CpU) 
has been modified with chloroacetaldehyde by Kochetkov and coworkers, 64 who 
found that no hydrolysis of the phosphidiester linkage occurred during the course of 
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cleoside phosphates. From the fluorescence quenching parameters, it was possible to 
determine the proportion of internally complexed or folded conformations versus 
open or unfolded conformations at 25°, as had been done in the case of FAD. 1 06 The 
figures obtained for the degree of internal association, in 5 x 10" 5 M aqueous solu- 
tion, were as follows: eApeA, 68%; eApG, 62%; GpeA, 72%; eApeC, 58%; eCpeA, 
15%; eApU, 44%; UpeA, 28% (all ±5%). Guanosine and l,N 6 -ethenoadenosine 
participate equally well in stacking interactions in the dinucleoside phosphates, and 
in general greater intramolecular association was observed in the dinucleoside pho- 
sphates containing purines than those containing pyrimidines. The sequence effects 
on intramolecular association observed in the l,/V* 6 -ethenoadenosine dinucleoside 
phosphates are identical with those observed for their unmodified counterparts, 108 
Thus, the fluorescence-quenching parameters of UpeA and ECpeA indicate a lower 
degree of base-base interaction than in their eApU and eApeC partners. In order to 
investigate further the intramolecular interactions of ECpeA in comparison with 
those' in eApeC, we determined the circular dichroic spectra in neutral solution of 
eApeC, eCpeA, and a mixture of the component nucleosides. The CD spectrum of 
eApeC indicate? a large change from the summation of the curves for the individual 
components and thus indicative of stacking. 108 By contrast, the CD spectrum 
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Figure 1. Conformations of the seven l,N 6 -ethenoadenosine dinucleoside phosphates as 
viewed normal to the planes of the bases and drawn as though they were part of an RNA-11 
helix. (By permission of the publishers of Biochemistry. 107 ) 
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uridine, and ammonium chloride. 1 ib Moreover, the fluorescence -produced by malon- 
dialdehyde and ammonium chloride emits strongly at 455 nm, providing a superren- 
dition of the "diagnostic" curves reported 115 for adenine and guanine. The 
three-carbon moiety is a hopeful one, nevertheless, and if it is served up in water- 
soluble, reactive, cyciization-directed form, fluorescent entities should result from G 
specifically. Turning from malondialdehyde itself (XXII, X = H), Dr. Robert C. 
Moschel in our laboratory has been successful in obtaining well-characterized pro- 
ducts from the selective reaction of guanine, guanosine. and the corresponding 
nucleotides (XXI) with variously substituted malondialdehydes (XXII, X ^ H), as 



r x • H4 -c 

L R • -H, -I 



f-H -CH, , -@ . -@-OCH,. Etc. 
ftfboiyt, Ribaiyl 5'* phoiphota. Efc. 



indicated in the accompanying genera] equation. The reaction is carried out in 
aqueous solution at pH 4-5 at 45° in the presence of excess substituted malondial- 
dehyde, and the reaction is usually complete after 24 hours but is advisably followed 
by tic. The product, for example, from guanine (XXI, R = H) and methylmalondial- 
dehyde (XXII, X = CH 3 ) is l,/V 2 -(2-methyIal]yIidene)guanine (XXIII, R = H, 
X = CH 3 ), as shown by analysis, mass spectrum (base peak at 201(M + )), and nmr 
spectrum (three aromatic C-H's and CH 3 C <). The compound exhibited ultraviolet 
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Figure 2. Ultraviolet absorption, fluorescence excitation, and technical fluorescence emis- 
sion spectra of l,N 2 -(2-methyIallylidene)guanine in aqueous solution buffered at pH 6.8. - 
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Discussion of the Paper 

Dr Chheda: We have studied, in rats, the metabolic fate of ethenoadenosin'- 
labeled' in the 2-position of the heterocycle. We did not find any significant radioactiv- 
ity in transfer RNA, but approximately 80% of the administered radioactivity 
•excreted in the urine, 50% of that representing unchanged ethenoadenosine. 
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The indirect immunofluorescence Drocednrp K« u _> , • ' I 

double-stranded RNA in cells iTtLS 1 USed for de ™nstration of I 

encephalitis (TBE) viruses Rabbi serai" , 7^' P ° Ho ^ elitis - «d tick-born^ 3 

specifically with double-s^RNT E ^ ^«)-P^(C) reac I 

the cells infected with high muSicides 0 f olio ,f A " the Cyt< * Iasm <* I 

' viruses 3 hr postinoculation. In p^Tl^ST^ ™ d ^ h °™ encephalitis J 

proteins. During one cycle of re pr oducti 0n the 7 ' "T* ^ m 3gainst viral I 

stranded RNA and virus proteln^^^hT ° f .^T^" of d -ble- | 

encephalitis viruses. When poliovirus fnW^ * 

containing TBE virus double^^™?? ^f^d, the number of cells 1 

cells containing virus protein r S ed l*h MriMd * while the Portion of | 

i— Sc s ^?^s^f r n r R !j\ is either ~ct, d fro J 

for demonstration of nucleic a C ds^ place h ^ identified * «""» & 

. where they are present in such low loSc ?pS ^ " ^ appropriate ^unof 

amounts that they are undetectable bv H I ° T de ™ nst ™ te * in the cells by* 

other methods. selectable by the direct or. indirect immunofluorescence* 

As has been demonstrated by Stollar P.t ThL > < 

J'." animals immunized with i Jt P3per reports th ? use of th e ; ? 

MBSA^uble-atrandedTXtic poly "r^ lmmuno ^^escence test withV 

ribonucleotide complexes-develon wT I ^ -T™ 1 double-stranded polyri-" 

body reacting specifically wS douwt ZfT^ C ° mpIeXeS in ° rder * 

stranded RNA. These data were confined Zh. f ^S^f? ° f acc ^ulation of< 

in our study (5) . ' connrmed double-stranded RNA in the cytoplasm of 4 

Recently, antisera for synthetic double • m? ° ? lnfected wit * poliomyelitis virus? 
stranded polyribonucleotide c 0 m P T exes j?**]' tick - bo ™ encephalitis vi- ! 

began to be used for demonstrate* of allel ^ dem ° nstrate Re ° virus. In par- 

01 all 7' the dynamics of virus protein accu-. 
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doyble-strand ed RNA in cells infected with 
Vlruses - For this purpose the double- 



serum Ji , USCd: MBSA ' met hylated bovine 

^um 1 um,n; poly(A), polyadenylic acid; poly(U) 
pc yundyhc ac,d p 0 .y(AU), copolymer of riboadeny 

v( a r d r ! b0Un ^ ate = PQWD. polyinosinic acid- 
poly(C), poiycyfdylic acid; poly(A)-polv(U) poj 

SJa acid ; P ° lyuridylic acid com Pl«; P oly(D- v ir us yield reached max, 

P yCO, poly.nos.mc acid- polyC y tidylic ad(J ^ wag 10 V 3 000 PFuS 



mulation was determined by immunofluo- 
rescence. 

HeLa cells were grown on slides and ; 
infected with the prototype strains of poli- ; 
omyehtis virus: type I (Mahoney), tt- 
(Neva), and III (Saukett). The multiplicity 
ol infection was about 1000 PFU/cell. The 
virus yield reached maximum by 4 hr and 
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StfiDf Bars strains) was propagated in pig 
t mbryo kidney cells (SPEV). The input 
£ u ltiplicity was approximately 10 TCD S0 / 

■ .. mu« wovimnm Qprnmnlaf inn r\f wimo 



fell The maximum accumulation of virus 
lln culture fluid was observed by 48 hr 



the virus yield was 10-50 TCD 50 /cell. 
|S At intervals the slides were removed, 
Ifixed with cold acetone, and stained by the 
Indirect immunofluorescence technique 

"&The sera from two rabbits immunized 
„ ,|jth MBSA-poly(A)-poly(U) complex 
s «AASRseruro No. 21) and MBSA-poly(I)-poly- 
(C) complex (serum No. 22) were used in 
ftbe study in 1:16 dilutions. The immuniza- 
tion schedule was reported elsewhere (5, 7). 
|^ The sera against poliomyelitis and tick- 
Iborne encephalitis viruses were prepared 
?by two to four inoculations of rabbits. 
Their titers were 1:1280 in neutralization 
tests for poliovirus of the three types and 
1:1280 in hemagglutination-inhibition 
tests and 1:64 in immunodiffusion tests by 
"the method of Ouchterlony for tick-borne 
encephalitis virus and were used in 1:8 
^dilution. 

^Fluorescein-conjugated donkey anti-rab- 
bit gamma globulin was obtained from the 
| : Gamaleya Institute of Epidemiology and 
^Microbiology and used in 1:8 dilution. 
|Horse serum albumin conjugated with rho- 
|damine sulfofluoride (8) was added as a 
fcounterstain. 

% The controls consisted of (a) noninfected 
cells; (b) cells fixed immediately after 
^inoculation, (c) cells stained with rabbit 
^serum collected before immunization, and 
■(d) cells stained with a heterologous conju- 
gate (against mouse globulins). All controls 
gave negative results. 

The specificity of the sera against dou- 
ble-stranded polyribonucleotides was dem- 
onstrated in passive hemagglutination and 
in antibody neutralization tests (9). Thus, 
sera Nos. 21 and 22 reacted to titers 1:2560 
slides an( f:Kf nd 1:5120, respectively, with erythrocytes 
.nsofpol|f |paded with poIy(A)-poly(U) and did not 
ioney)/;;i|fe. reac t . with erythrocytes loaded with 
ml- /pijjp^A), ribosomal RNA, single-stranded 
J/ct^v T|||i» °N A. The passive hemagglutination test, 
y 4 hr ar#p,?ould be inhibited by preincubation with 
'^P 0 '3 Mg poly(A)-poly(U) or poly(D-poly(C) 
( S °P^» ' failed t0 be inhibited by preincubation 
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with poly(I)-poly(C) ) . poly (A), poly(U), or 
ribosomal RNA used in 10-Mg amounts. 
The specificity of the test was confirmed by 
the data obtained by radioimmunoassay 
(Table 1). It will be seen in Table 1 that 
antibody for double-stranded polyribonu- 
cleotide complexes reacts only with dou- 
ble-stranded polyribonucleotides and not 
with single-stranded polyribonucleotides. 

In green monkey kidney cells infected 
with reovirus I and stained with sera 
against double-stranded polyribonucleo- 
tides, fluorescence was observed at all 
stages of infection. 

To test the specificity of fluorescence, 0.2 
ml of undiluted serum No. 22 was incu- 
bated with 10 Mg polyd)-poly(C) at 37 °C 
for 1 hr followed by centrifugation at 10,000 
rpm for 10 min. Serum was also incubated 
with 500 mg poly(A); 500 mg poly(U); 500 
mg native thymus DNA; or phosphate 
buffer solution (control). 

Subsequent staining of cells infected 
with Reo I and TBE (Sophyin) Viruses 
showed that serum No. 22 after treatment 

TABLE 1 

Relative Abilities of Nonlabeled Double- Stranded 
and Single-Stranded Polyribonucleotides in 
Competition for Antibody to Poly(A)-Poly(U) 
(Serum No. 21) with 3 H Double-Stranded- RNA° 



Competing 


(Mg) 


Binding 


polyribonucleotide 


(cpm) 


Poly(A)-poly(U) 


5 


53 


Poly(A) 


50 


918 


Poly(U) 


50 


958 . 


Poly(AU) 


50 


923 




50 


962 



° The incubation mixture consisted of 2.5 m1 un- 
diluted test serum to which 0.1 ml SSC (0.15 M 
sodium chloride and 0.015 M sodium citrate) unla- 
beled polyribonucleotides (5 or 50 /ig) was added. 
After incubation at room temperature for 30 min, 1 
3 H-double-stranded RNA (approximately 1200 cpm) 
in 0.1 ml SSC was added. After incubation for 30 min 
at room temperature the mixture was passed through 
a membrane filter (Synpor 8, CSSR) at a flow rate of 
approximately 1 ml/min. The filter was washed two 
times with SSC, dried, and the nucleic acid-antibody 
complex was measured by determination of radioac- 
tivity on the filter in the Ansitron scintillation spec- 
trometer. Similar results were obtained with serum 
No. 22. 
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.with poly(I -poly(C) lost its capacity to 
detect double-stranded RNA, whereas the 
control serum retained its -reactivity com- 
pletely: 

The foregoing permits a conclusion that 
by means of the indirect immunofluores- 
cence procedure we have demonstrated 
specific reaction of antibody against dou- 
ble-stranded polyribonucleotide complexes 
m the cytoplasm of the infected cells 

Specific fluorescence in the cytoplasm of, 
the infected cells was detectable beginning 
at 3 hr after inoculation with tick-borne 
encephalitis virus and poliovirus The 
character and localization of fluorescence 
were identical after infection of the cells 
with poliomyelitis or tick-borne encephali- 
tis virus. At early stages of infection 
fluorescence was observed in the perinu- 
clear zone (Fig. 1A), then it filled the 
cytoplasm m the form of large granules. At 
late stages fluorescence was diffuse 
throughout the cytoplasm. In some cells 

?fTir? C ?/ nUC ! eoH Was also obse ^ed 
_i Identical fluorescence was ob- 
served after staining with antiserum Nos 

11 and 22. 

The dynamics of accumulation of dou- 
ble-stranded RNA and proteins of poli- 
omyelitis and . tick-borne encephalitis vi- 
ruses m the cytoplasm of infected cells is 
shown in Fig. 2 which presents the results 
ot one out of four analogous experiments It 
will be seen in Fig. 2A that accumulation of 
double-stranded RNA and protein of poli- 
omyelitis .virus type 1 occurs simultane- 
ously. The maximum number of fluores- 
cent cells (70-76%) was observpd 4 hr 
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5 » i<i 38 Hi ?2 
MTER INFECTION 

♦ FlC V ^'rl,* dynamics of ^cumulation of doublff 

I and t A rK Pr ° tein ° f ^ 0 »^ vinTt 
.1 (A) and tick-borne encephalitis virus (SobW/* 
stram) (B) in the cytoplasm of the infected ce^ 
cells were grown on slides, fixed at different intervals"' 
postinfection, and half the slide w as sta i ne d with, ? 
inrf* ag ,u nSt u ^ 0uble - stra ^ed polyribonucleotides : 
and the other half with antiserum for poliomyelitis or 
tick-borne encephalitis virus! Then both halves were' 
stained with fluorescent anti-rabbit gamma globulin. 
At each half, 500 cells were counted and the percent-' 
age of fluorescent cells was calculated. — cells 

containing double-stranded RNA: - ' cells 

containing viral protein. ■ y. 

postinfection after which time the portion 
of cells containing viral protein and dou- 
ble-stranded RNA remained unchanged j} : 
till the end of the virus reproduction cycle, f 
Double-stranded RNA of poliomyelitis * 
virus persisted in the cell until its complete 
destruction. Similar results were obtained 
with all three types of poliomyelitis virus. 

The portion of the cells containing dou- 
ble-stranded RNA and protein of tick- 
borne, encephalitis virus (Sophyin strain) 
was similar during one reproduction cycle 
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fuently the ' portion of cells containing 
fouble-stranded RNA decreased consider- 
k. i . after 48 hr fluoresrenrp wac fnnn^ 
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flb ly a nd after 48 hr fluorescence was found 
jy 2-3%. of cells, whereas viral protein 

-Unorder? in thp rvtnnlacm CHQ^ 
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gr^as observed in the cytoplasm of 60% of 
flells at all intervals of the observation 
feeriod. Similar results were obtained also 
>ith the Absettarov and Hipr strains. 
I Thus, during one reproduction cycle the 
dynamics of accumulation of double- 
-handed RNA and viral protein is synchro- 
jus with poliomyelitis and tick-borne en- 
cephalitis viruses. Then, at high multiplic- 
ities of infection with poliomyelitis virus 
' the cells degenerate and with TBE virus 
the number of cells containing double- 
stranded RNA decreases. 
m This study has demonstrated that detec- 
m iftion of double-stranded RNA by the immu- 
H f nofluorescence method is a reliable test . 
^^both for entero- and arbovirus infection of 
Icells and may be used for study of the 
|virus-cell interaction. ^ 
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I. INTRODUCTION 

Fluorescent label introduced in ribosomes may help elucidate some questions of its functioning 
and structure. There are both direct and indirect methods of introduction of labels, fluorescing in 
the long-wave region, to ribosome. The former may be examplified by reactions involving fluor- 
esceinylisothiocyanate [1], the latteris based on modification qf tRNA and its binding to ribosome. 
Among these modifications are substitution of some bases in tRNA by ethidium bromide or profla- 
vin [2], addition of acryflavin and 9-hydrazino acrydine to the oxidized end of tRNA [3], addition 
of the dansyl and anthanoyl residues to the 5 '-phosphate end of tRNA [4] and formation of a 
fluorescing component by irradiating tRNA VaI from E, coli with UV light [5]. 

This paper reports a method of introduction of fluorescent residues (dansyl, anthracene-2- 
sulphonyl and fluoresceinyl) which bind to the amino acid moiety of aminoacyl-tRNA. Such 
peptidyl-tRNA preserve the ability of being specifically bound to ribosomes in the presence of a 
template and of being peptide donors in ribosome in the reaction with pyromycin (Pu). 

II. MATERIALS AND METHODS 

Use was made of tRNA from E. coli containing 20% of the phenylalanine accepting fractions. 
[ 14 C] Phenylalanine, specific activity 225 Ci mole" 1 , was the product of UVVVR, Czechoslovakia; 
enzymatic aminoacylation was performed as described elsewhere [6]. Radioaciivity was measured 
in an ABAC SL-30 scintillating spectrophotometer (Intertechnique). Dansyl (DNS) dipeptidyl- 
tRNA was prepared as previously described [7]. The starting anthracenylsulphochloride (ANT- 
Cl) was condensed with glycin similarly to a DNS-amino acid synthesis [8]; ANT-Gly (m.p. 198°) 
was then converted into non-crystalline ANT-Gly-OSu (where OSu is N-hydroxysuccinimide 
residue) [7]. This substance was condensed with [ 14 C] Phe-tRNA into ANT-Gly-[ I4 C]Phe-tRNA. 
Glycine, was added to fluoresceinylisothiocyanate (Reachim, U.S.S,R.) and converted into fluor- 
esceinylaminothiocarbonyl glycine, FLU-Gly [9], m.p. above 320°, which with HOSu and dicy- 
clohexylcarbodiimide (30 min at 0° and 1 hr at 20°) was converted intaFLU-Gly-OSu, which was 
then condensed without further purification with [ 14 C] Phe-tRNA into FLU-Gly- [ ! 4 C] Phe- 
tRNA according to Alexandrova et al. [7], but the reaction was only run for 2.5 hr. All the pep- 
tidyl-tRNAs were isolated and purified by means of chromatography on Sephadex G-25 as 
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TABLE I 

Synthesis of peptidyl-tRNA (III) containing a fluorescent label 

III Synthesized 



XinI H,A 260 II, radio- A 260 

units activity units 
cpm x 10" 3 



Radio- 
activity 
cpm x 10" 3 



Content of III 
in preparation 
calculated by 
radioactivity, % 



Yield of 
III per 
H (%) 



DNS-Gly- - 


4 


216 


2.55 


151 


100 


70.0 


DNS-Ala- 


4 


216 


2.15 


147 


93 


63.2 


DNS-Val- 


4 


216 


2.12 


165 


93 


71.0 


DNS-Phe- 


4 


216 


2.05 


169 


90 


70.4 


ANT-Gly- 


26.1 


240 


22.6 


151 


95 


59.7 


FLU-Gly- 


22.0 


163 


20.5 


112 


94 


64.5 



Experiments were performed with Phe-tRNA in total tRNA preparations. 



TABLE II 



PolyU-stimulated binding of X-[ J *C] Phe-tRNA (III) by ribosomes 


No. 


X in III 


Quantity 


Binding, cpm 


Stimulation of binding 






of III 
cpm 


+ polyU 


-poly.U + poly A 


+ polyU 
-poly A 


+ polyU 
+ poly A 


1 


DNS-Gly 


6500 


3400 


2500 


2.3 . 




2 


DNS-Gly 


6500 


2400 


1230 


1.95 




3 


DNS-Ala- 


11330 


6360 


. 3630 - 


1.75 




3 


DNS-Ala- 


12700 


6960 


3630 


1.9 




4 


DNS-Val- 


10000 


4050 


2680 


1.5 




4 


DNS-Val- 


11600 


5600 


3900 1660 


1.45 


3.4 


5. 


DNS-Val- 


10000 


3480 


2340 


1.53 




6 


DNS-Phe- 


10560 


5000 


5100 


1 




6 


DNS-Phe- 


7500 


7400 


6910 4880 


1.07 


1.5 


7 


DNS-Phe 


10560 


3435 


. 2730 


1.27 




8 


ANT-Gly- 


'12720 


4110 


2740 




1.5 


9. 


Ac- 


11150 


5200 


865 


6.0 




10 


Ac- 


5040 


3020 


565 


5.3 






■mm 



Experimental conditions: The incubation mixture contained 3 A 2 eo units ribosomes, 0.8 A 2 eo units polyU (or 2.0 
Azeo units poly A), 5 jimol Tris-HG pH 7.5, 1 umol MgCh, 16 umol NH4CI in 0.1 ml. Time of incubation was 
20 min at 30°. In cases No. 2, 5, 7 and 10 the reaction mixture was placed in a column 1 x J 9 cm with Sephadex 
G-100 (Buffer: 0.01 M Tris-HCl, 0.01 M MgCI 2 , pH 7.6). After separation optical density at 260 nm and radio- 
activity were determined. Radioactivity (measured by means of dioxane scintillator) was calculated for 3 A 2 6o units 
of solution. In other cases the reaction was stopped by adding 2 ml the same cold buffer, the mixture was filtered 
through VUFS nitro-ceilulose filters (Chemapol, Czechoslovakia) and washed with 25 ml of the buffer. The radio- 
activity was determined in a toluence scintillator. 
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^scribed earlier [7]. The quantity of non-acylated Phe-tRNA in the preparations synthesized was 
determined by hydrolyzing of aliquots of substances in 0.25 N NaOH (20°, 2 hr); the hydrolysate 
^as then chromatographed on FN-16 paper (D.D.R.) using BuOH-AcOH-water (78:5: 17 v/v). 
|he radioactive zone was determined. In this system phenylalanine has an R f value of 0.38 and its 
luorescing peptide derivatives - 0.8-0.9. The purity of all intermediate low molecular weight 
Ipmpounds was determined by TLC on silica gel or silicic acid. 

III. RESULTS AND DISCUSSION 

%ie scheme of synthesis of peptidyl-tRNA containing a fluorescent label is based on condensation 
N-hydroxysuccinimide esters of N-acylated amino acids and [ 14 C] Phe-tRNA by the method of 
€apidot[10]: 

X-OSu + [' 4 C] Phe-tRNA X-[' *C] Phe-tRNA 
I II III 

Jvhere X is.DNS-Gly-, DNS-Ala-, DNS-Val-, DNS-Phe-, ANT-Gly- or FLU-Gly-. The yield 
'^and the content of peptidyl-tRNA in the preparations obtained are listed in Table I, which shows 
J that the amount of Phe-tRNA in them does not exceed 10%. 

All the preparations of peptidyl-tRNA (III) were investigated in a cell-free system with ribo- 
[somes from E. coli MRE-600 in the presence of polyU and referred to the same system being 
Abound without the template or with poly A. As is seen from Table II, all preparations of type III 
Ik : ■ ■ . 



TABLE III 

Donor activity of peptidyl-tRNA X-[ 14 C] Phe-tRNA (III) 



III 




Extracted into ethylacetate, cpm x 10" 3 


Donor 


X jn 


Content, 


+ Pu 


-Pu 


+ Pu -Pu 


activity 


III 


cpmx 10" 3 








% 


Ac 


13.3 


11.4 • 


3.0 


8.4 


63 


DNS-Gly 


5.8 


4.0 


2.1 


1.9 


33 


DNS-Ala 


8.4 


6.85 


2.9 


3.95 


47 


DNS-Val 


7.5 


4.95 


2.2 


2.75 


55.5 


DNS-Phe 


8.7 


7.9 


4.5 


3.4 


37 


ANT-Gly 


12.7 


3.55 


2.1 


1.45 


11 


ANT-Gry 


12.7 


4.53 


3.4 


2.13 


9 


FLU-Gly 


17.6 


11.98 


6.7 


5.28 


30 


FLU-Gly b 


17.6 


9.76 


6.4 


3.35 


19 


FLU-Gly c 


17.6 


8.53 


5.5 


2.83 


16 



b _ In ex perjmems No. 8-10 radioactivity was determined by the precipitate of If I in 10% trichloroacetic acid, 
content of ethanol in incubation mixture - 39 and 45 % respectively. 

^Z' men ' a !^ ondi ' ion5: The incubation mixture contained in 0.1 ml 3 A 260 units ribosomes. 38 mM KCI, 2 mM 
anL or . .< i m I MTns - HC! > P H 7 - 8 at 20 °- The taction was initiated by adding 50 ul ethanol, performed for 1 hr 
was dete by . add,ng °- J ml °- 01 M Tris-HCl buffer pH 7.0 and 3 ml ethylacetate. After extraction the radioactivity 
1 •! v/v rm 2 ml of orgamc P ,lase in 15 ml of the solution containing toluene scintillator and methylcellosolve 
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displayed an ability of binding with ribosomes, but, unlike AcPhe-tRNA used as a reference A • ^ I 
bmdmg ,n the absence of the template is anomalously high. However, it decreases • 3$ 

hydrophobic^ of the peptide on the one hand, and with polyA as a template on the oi er T, A 
facts prompt one to the suggestion that an increase in the hydrophobic,^ of the peptide sh^T 
mcreases the ability of peptidyl-tRNA to bind to the peptidyltransferase centre (PTC) of ribosom 
even ,f no template . present. This is supported by the data on the more efficient binding beCf 

mi tT Si e H ° ^r daCylamin ° aCyl0li80nUC,e0tideS aS COm ^ ed ^ ammoacy nuc : t ! <*« 
h Pe ^ yl " tRNA ; S C ° m P ared with aminoacyl-tRNA [12]. There are reasons for bd££ f A 
that the pept.de moiety of peptidyl-tRNA in ribosomes has a hydrophobic environment § f f 

Table III shows the results of determination of the activity of III as peptide donors in a ten, " 
plateless system containing 31% of ethanol; Pu was used as peptide accentor All Z i 
tRNA synthesized (III) were able to serve as peptide donors STof DN^K 
the peptide-donating activity » sufficiently high. These data show that ribosomes are capabTn 
binding with peptidyl-tRNA in the PTC donor site with rather bulky, and h,ghly kyZ2 h t * P 
groups. A study of the peptide-donating activity of III in the ribosome-po.y U system show d t h "I 
ability not to be very high. One may think that this phenomenon is due to the abilky of m 0 ' 
occupy simultaneous.y the donor and the acceptor sites of PTC even with 10 mmoles of M " + 
which precludes the reaction with Pu [13]. ° ' 

Summarizing one may say that peptidyl-tRNA having a fluorescent label of sufficient size and 
hydrophob IC ity ,n the peptide moiety of the molecule may be specifically bound to ribosom and 
may as peptide donors in the reaction with Pu. It should be added that the ab^^ 
rath^ h become attached to the PTC of ribosomes increases as does hydrophobic^ and s 
rather high even if the template-is absent. " . 

REFERENCES 

1 . Huang, K. and Cantor, C. R., J.,Mol. Biol. 67, 265 (1972) 

2. Wintermeyer, W. and Zachau, H. G., FEBS Letters 18, 214 (1971). 

3. Churchrich, J. E., Biochim. Biophys. Acta 75, 274 (1963). 

4. Yang, C. H. and Soli, D., Arch. Biochem Biophys. 155, 70 (1973) 

5. Favre, A. and Yaniv, M., Fed. Eur. Biochem. Soc, Lett. 17, 236 (1 971) 

6. Lewin, J. C. and Nirenberg, M., J. Mol. Biol. 34 467 (1968) 

7. Alexandrova, L. A., Kukhanova, M. K., Krayevsky, A. A., Treboganov, A. D., and Cottikh, 
B. P., Izv. Akad. Nauk SSSR, Ser. Biologich. 426 (1973). 

8. Hartley, B. S., Biochem. J. 119, 805 (1970). 

9. K™anchi. H-. Turimura, K., Maeto, H., and Ishida, N., J. Biochemistry 66, 783 (1969) 
iS^^t ' N - WeiSS> Pe,ed ' R -' W ° ,man > Y - ^ B ^ys. Acta 

11. Celma, M. L., Monro, R. E., and Vazquez, D., FEBS Letters 13, 247 (1971) 

12. Watanabe, S., /. A/O/...S/0/. 67,443 (1972). 

13. de Groot, N., Panet, A., and Lapidot, Y., Israel]. Chem. 10, 775 (1972). 



400 



Monod, J., Wyman, J., ancT .angeux, J, P. (1965), J. Mol. 
Biol. 12, 88. 

Pearlmutter, A. F., and Stuehr, J. (1968), /. Amer. Chem. Soc 
90, 858. 

Porschke, D., and Eigen, M. (1971), J. MoL Biol. 62, 361 . 
Reeves, R. H., Cantor, C. R., and Chambers, R. W. (1970), 

Biochemistry 9 3 3993. 
Rialdi, G. } Levy, J., and Biltonen, R. (1972), Biochemistry 11, 

2472. 

Robison, B., and Zimmerman, T. P. (1971a), J. Biol. Chem. 
246 , 110. 

Robison, B., and Zimmerman, T. P. (1971b), /. Biol. Chem. 
246, 4664. 

Rossi-Fanelli, A., Antonini, E., and Caputo, A. (1964), 

Advan. Protein Chem. 19, 74. 
Rossotti, F. J. C, and Rossotti, H. (1961), The Determination 

of Stability Constants, New York, N. Y., McGraw-Hill. 
Saneyoshi, M., Harada, F., and Nishimura, S. (1969), Bio- 
chim. Biophys. Acta 190, 264. 



LYNCH AND *C»luJ$jM 



jffman, B. M., and Rich, A. (1970), 



Schofield, 

chemistry P, 2525. 
Schreier, A. A. (1973), Ph.D. Thesis, M.I.T 
Sc ^ ei ^ A - A -> and Schimmel, P. R. (1972), Biochemist^ 

Schreier, A. A., and Schimmel, P. R. (1974), J. Mol Biol /^t 
press). . ^Mq 
Takahashi, K. (1961), J. Biochem. (Tokyo) 49, 1. 
Tao, T., Nelson, I H., and Cantor, C. R. (1970), BiochemhtJ^' 
9, 3514. *M 



Ward, D. C, Reich, E, and Stryer, L. (1969), /. Biol Ch* 
244,122%. 

WiUick, G. E., and Kay, C. M. (1971), Biochemistry 10, 2216 " * > 
Yang, S. K., Soil, D. G., and Crothers, D. M. (1972), Bi 0 S$ \ 
. chemistry 77,2311. * 
Yarus, M., and Barrell, B. G. (1971), Biochem. Biophys. R €s % 

Commun. 43,129. ' 
Yarus, M., and Berg, P. (1969), J. Mol. Biol. 42, 171. 
Yarus, M., and Rashbaum, S. (1972), Biochemistry 1 1, 2043 % 

• * 



-'A 



Effects of Abnormal Base Ionizations on Mg 2+ Binding to * 
Transfer Ribonucleic Acid as Studied by a Fluorescent Probet 

Dennis C. Lynch J and Paul R. Schimmel* 



abstract: The naphthoxyl probe attached to the 3 '-end 
of isoleucyl-tRNA Ile (see Lynch, D. C, and Schimmel, P. R. 
. (1974), Biochemistry 13, 1841) has been used to study the pH 
dependence of Mg 2+ binding at "cooperative" sites. The 
apparent Mg 2+ affinity is strongly pH dependent; e.g., it is 
ca. tenfold and 100-fold weaker atpH 6 and pH 4.7, respec- 
tively, than at pH 7.5. This effect is due to abnormally high 
base pJTs in the "aberrant" structure(s) formed in low salt, 
Mg 2+ -free solutions. The emission of the probe is sensitive to 
the ionization of one of these sites, probably a cytidylic acid 
moiety near the 3'-end; Addition of sufficient Mg 2+ sharply 
lowers the abnormal pTCs to more typical values. The kinetics 
of Mg 2+ addition at pH 6 appears 'fo follow essentially the 
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Ln the preceding paper (Lynch and Schimmel, 1974), it was 
shown that the fluorescence emission of a naphthoxyl group 
attached to the 3 '-end of tRNA Ile is sensitive to the binding 
of Mg 2+ to "interacting" or "cooperative" sites on the nucleic 
acid. Two slow unimolecular structural changes occur as 
Mg 2+ is bound to these sites; these changes have large activa- 
tion energies and are probably due to the breakdown of aber- 
rant structures formed in the absence of Mg 2+ (see Cole et al., 
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same mechanism as at pH 7.5— two slow unimolecular changes® f 
coupled to rapid Mg 2 + binding steps. However, the Mg :+ -$ I 
induced structural changes are slower, have somewhat higher^ 
activation energies, and are thermodynamically less favoredtM 
at pH 6. These effects apparently arise from the greater sta-$j 
bility of aberrant form(s) brought about by base protonations^f J 
and they largely account for the weaker apparent binding- of 5 J 
Mg 2+ observed by fluorescence at pH 6 as opposed to pH 7.5.^1 
Ultraviolet absorption data corroborate many of the findings:!/! 
Preliminary results with tRNA Ala (Escherichia coli) labeled^! 
with the probe are similar to those obtained with tRNA xl, ^| 
thus suggesting that the results obtained may be rather generakf ' 
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1972). Since the structural changes induced by Mg 2+ binding T 
are thermodynamically favorable, they serve to increase the*] 
apparent strength of binding ofMg 2+ . This accounts for thefj' 
high affinity of Mg 2+ binding to these sites. 

At pH 6 we were surprised to learn that the binding of j 
Mg 2+ observed by fluorescence is significantly weaker than, 
that observed at pH 7.5 (Lynch and Schimmel, 1974), everr 
though there are no obvious base or phosphodiester ioniza- 
tions in this pH range. The results presented below demon- 
strate that abnormal p£'s (on bases) are present on tRNA and-- j 
that protonation of these sites leads to an increased stabiliza- 
tion of the "aberrant" structure(s) formed in low salt. Addi : 
tion of Mg 2+ sharply lowers the abnormal p/Ts and encour- 
ages proper folding of the tRNA, although the folding process; 
itself is somewhat slower and goes with higher activation 
energies at the more acid pH (pH 6) than at pH 7.5. The de- 
creased thermodynamic preference for the Mg 2+ -induced' j 
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^structural changes at pH 6 accounts for the weaker 

apparent binding at this pH as opposed to pH 7.5. 

Materials and Methods 

Many of the details of the preparation of materials, treat- 
ment of data, instrumentation, and etc., are given in the pre- 
ceding paper (Lynch and Schimmel, 1974). Additional de- 
tails pertinent to the present paper are given below. 

Perivatized isoleucyl-tRNA Ile in which the 5 '-phosphate 
is removed was prepared by incubating IV 1 for 1 hr at 53° in 
0.05 m Tris-0.1 mM MgCl 2 (pH 7.5) with ca. 1 /*g of bacterial 
alkaline phosphatase (Worthington BAPF grade) per nmole 
of tRNA. These conditions, which are slightly milder than 
TSSual phosphatase conditions, were chosen in order to mini- 
mize hydrolysis of the label. Under these conditions, <15% 
of the label was lost. Phosphatase was removed via phenol 
extraction and an aliquot of the tRNA was digested for 5 hr 
at 37° in 0.01 m (NH0 2 CO 3 (pH 8) with ca. 2 M g of RNase A 
(Worthington) per nmole of tRNA. This digest and a control 
not treated with phosphatase were applied to separate 20 X 
20 cm cellulose thin-layer plates (E. Merck) and chromato- 
graphed in two dimensions (first dimension: 1-propanol- 
concentrated ammonia-water, 55:10:35 by volume; second 
dimension: isobutyric acid-concentrated ammonia-water, 
66:1:33 by volume; U. L. RajBhandary and M. Simsek,' 
personal communication; see also Saneyoshi et al. (1969)). 
The resultant patterns were examined under an ultraviolet 
lamp and found to be identical except that a slow moving 
oligonucleotide spot present in the control was absent in the 
phosphatase treated material. We attribute the missing spot 
to the 5 '-terminal fragment pApGpGpCp which would be 
converted to ApGpGpCp by successful phosphatase removal 
of the tRNA 5 '-phosphate. As there is another expected 
RNase A fragment of this identity (see Yarus and Barrell, 
1971), a new spot is not expected in the phosphate treated 
pattern. Thus the chromatograms provide fair, although not 
rigorous, evidence that the 5 '-phosphate was removed. 

Polarization of fluorescence was measured with a Farrand 
Optical Company Mark I spectrofiuorometer employing 
films supplied by the manufacturer. The measured values were 
corrected for apparent polarization introduced by the mono- 
chromator by the method of Azurni and McGIynn (1962; see 
also, Chen and Bowman (1965)). Fluorescence stopped-flow 
experiments were performed with a Durrum-Gibson stopped- 
fiow equipped with a 75-W xenon lamp (General Electric). 
The apparatus has a dead time of less than 5 msec. (We grate- 
fully acknowledge the use of this instrument at the Peter 
fient Brigham Hospital, in the laboratory of Dr. B. Vallee. 
Jhe helpful assistance of Dr. D. Auld is also acknowledged.) 
Fluorescence lifetimes were, measured with the single photon 
counting system designed by Ortec in the laboratory of Dr. 
Renata Cathou at Tufts University Medical Center (see 
Lynch (1973), for additional details). The permission granted 
y Dr. Cathou to use the instrument, and the extensive help 
given by Dr. James Bunting are gratefully acknowledged. 
Th e pH measurements made in fluorescence pH titrations 
performed on thermostated samples not containing 
KN A. The pH was measured directly with a Radiometer pH 
me *er equipped with a GK2021C electrode; titrations were' 
generally reproducible to within ±0.03 pH unit. The samples 



'Abbreviation used is: Ax, the absorbance at wavelength X of a 
wwn in a l-cm path-length cell. Structures I-IV are defined in 
uv nch and Schimmel (1974). 




figure 1 : Relative change in fluorescence ($) vs. pMg. Solid curve 
with points applies to data at pH 6.0, 10 m M Na*, 1 m M EDTA 20 
rriM cacody ate, and CI" counterion. Dashed curve applies to data 
at pH 7.5, 10 mM Na + . 

containing tRNA which were used for optical measurements 
were then titrated in the same way, but without directly mea- 
suring the pH. This procedure proved to be more efficient and 
also necessary because of fluorescence contamination intro- 
duced by the electrode. Fluorescence and uv titration were on 
occasion checked for:- reversibility. These titrations were 
generally found to be reversible over most of the pH range 
studied. Difficulty was sometimes encountered at acid pH 
values which promote incipient precipitation of tRNA. 

EDTA was used to buffer Mg=+ concentrations as was 
done m the preceding study (Lynch and Schimmel, 1974) 
The stability constant of the Mg 2+ -EDTA complex increases 
with increasing pH (see Laitinen, 1960). Fortunately, this 
pH dependence is in the same direction as the pH dependence 
of Mg 2 + binding to tRNA. This allowed the use of EDTA at 
several different pH values and concentrations to buffer Mg 2 + 
in different concentration ranges. 

Organic liquids used in fluorescence experiments were dis- 
tilled when they contained obvious optical impurities. 

Results and Treatment of Data 

pH Dependence of Mg i+ Binding. Fluorescence Mg 2+ titra- 
tion of the derivatized tRNA at pH 6 gave strikingly different 
results than those obtained at pH 7.5. Figure 1 gives a plot 
of the fractional change in fluorescence 8 vs. pMg at pH 6. 
For comparison, the results obtained at pH 7.5 are shown by 
a dashed line. It is clear from this figure that the Mg 2+ binding 
observed by fluorescence is substantially weaker and less 
cooperative at pH 6.0 than at pH 7.5. This result is somewhat 
surprising since a priori it is not immediately apparent that 
there are any groups on tRNA which ionize in this region, 
except for the 5 '-terminal phosphate. Any involvement, of 
this group was eliminated, however, by the finding that the 
Mg 2+ binding followed by fluorescence was not altered by 
apparent removal of this group with bacterial alkaline phos- 
phatase. 

The pH dependence of the Mg 2+ binding was further pur- 
sued by performing fluorescence titrations at pH 4.7. The 
data obtained at the various pH values are tabulated in Table 
I in terms of the apparent dissociation constant tf app and the 
empirical Hill coefficient n. These parameters were obtained 
as described in the preceding paper (Lynch and Schimmel, 
1974). In addition, some data on Na + titrations are given also. 

These data show a remarkable pH dependence of the Mg 2+ 
affinity for tRNA. The affinity changes somewhat less than an 
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figure 2: Plot of 8 os. pMg at pH 4.7, 25° with a buffer of 70 mM 
Na + , 0.1 m acetate, 10 mM EDTA, and CI" counterion: (■) 8 for 
fluorescence; (O) 8 for Am; (A) 8 for A w . Curve is drawn for fluores- 
cence points. 

order of magnitude for each pH unit. Furthermore, the co- 
operativity is most pronounced at pH 7.5 and is significantly 
less at the other pH values. The binding of Na + is also de- 
pendent on pH, although less markedly than Mg 2+ . However, 
at all pH values Na + exerts relatively little influence on the 
apparent Mg 2+ dissociation constant although it does depress 
the cooperativity. 

At this point it is worth asking whether the remarkable pH 
effects, are due to general effects of hydrogen ion on tRNA 
structure or if they might rather be due to a highly localized 
phenomenon sensed by the fluorescence probe. To answer 
this question, the small uv absorbance changes accompanying 
Mg 2+ binding were also studied at each of the pH values. 
Figure 2 gives results obtained at pH 4.7 where 8 (-fractional 
change in absorbance or fluorescence) vs. pMg is given. The 
points for fluorescence (■) and absorbance (A U q = -O; 
^280 = A) fall about the same curve. An approximately similar 
correlation was found at pH 6.0. This indicates that the emis- 
sion and absorbance changes occur in the same general region 




table i : pH- Dependence of Mg 2+ and Na + Binding at 25 0 



pH 


[Na + ] (mM) 




n 




Mg 2+ Titrations 




7.5° 


10 


J . / J 






XI 
j 1 


j. /y 


1.52 


6.0 


10 6 


*+ , OH 


1.26 




45 e 


4.74 


0.99 


4.7 


10 d 


3.9' 






70 e 


3.66 


1.14 




100' 


3.70 


1.06 




Na + Titrations 






7.5 




1.52 


2.10 


6.0 




1.33 


.1.8 


4.7 




0.82 


1.76 



a See Lynch and Schimmel (1974) for details. * 20 rm*f 
cacodylate, 1 mM EDTA, and C\~ counterion. c 100 m^lf 
cacodylate, 1 mM EDTA, and Cl~ counterion. d 10 rnjl 
acetate, 1 mM EDTA, and CI" counterion. e 100 mM acetate® 
10 mM EDTA, and Cl~ counterion. 'Curve is very unsym-lf 
metric. yi 



and that the pH induced effects are doubtless associated with-, 
the overall tRNA structure and not just a localized area. 

pH Dependence of Fluorescence. The magnitudes of the 
emission changes associated with the Mg 2+ binding discussed 
above are dependent on the pH. This indicates, of course, that 
the probe's emission is sensitive to hydrogen ion as well a* 
metal ions. This is clearly seen in Figure 3a where the relativl 
fluorescence at 350 nm is plotted os. pH for two different 
conditions. The upper curve was obtained in 10 mM Mg 2+ :^ 
the lower curve was obtained in Mg 2+ -free solutions contain; 
ing 10 mM Na + . It is clear that under both conditions M 
emission is strongly pH dependent and appears to follow a 
simple titration curve. The magnitude of the emission change! 
and the apparent midpoints of the titration curves are ver| 
different, however. In both cases, the high pH plateau is: 
achieved by pH 7.5, so that the Mg 2+ titrations discussed 




figure 3 : (a) Relative fluorescence emission vs. pH. The upper curve was obtained in 10 mM Mg 2+ and the lower curve in 10 mM Na + . Details 
of experimental procedure are given in Table II. Points on the upper curve are averages of three experiments; those on the lower curve arc 
from two experiments with scatter as shown (where there is only one point, observed values coincided), (b) Plot of log (1 - 8)j8 vs. pH ft* 
data derived from curves in Figure 3a. 
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ta ble ii : Fluorescence pH Titrations of Labeled tRNA at 25 °. 



Cation 
(concn, rnM) 



Method pK K 



n 



Quench- 
ing* 



Na + (10) 
]^a + (0.55 M) 

Mg*a°) 

Mn*(10) 
Spermidine 3 * (1) 



a 6.04 ± 0.03 1.01 ± 0.02 

b 4.57 ± 0.06 0.95 ± 0.04 

c 4.63 db 0.05 0.99 ± 0.04 

d 4.64 db 0.04 0.95 =b 0.03 

b 4.74 ± 0.05 1.01 ± 0.03 



0.30 
0.11 
0.12 
0.19 
0.16 



ails. 

an. c 100 null 
ion. d 10 m,j 
•0 mM acetate® 
very unsymS 

".#1 



0 Buffer contained 3 mM EDTA, 10 mM Na+ and Cl" 
counterion. Titration was from high pH to low pH with 0.1 
and 1.0 m acetic acid. * Buffer contained 5 mM EDTA, 5 mM 
acetate, 10 mM NaCl, and 10 mM cacodylate, titrated from 
low pH to high pH with 0.1 m NaOH. c Buffer contained 10 
mM cacodylate, 5 mM acetate, and 10 mM NaCl, titrated from, 
low pH to high pH with 0.1 m NaOH. d Buffer contained 10 
mM cacodylate and 10 mM NaCl; titration with 0.1 and 1.0 m 
acetic acid was from high pH to low pH. e Ratio of emission 
at low pH plateau to that at high pH plateau. 
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the preceding paper (Lynch and Schimmel, 1974) monitor the 
transition from one plateau to the other. There is clearly a 
low pH plateau on the low salt curve, and the high Mg J+ 
curve is apparently heading toward one. (Experiments below 
pH 3.5 could not be carried out because the tRNA precipi- 
tates at acid pH.) 

The curves in Figure 3a were replotted as log [(1- 6)/6] 
versus pH according to the simple ligand binding scheme of 
the preceding paper (Lynch and Schimmel, 1974). The results 
are given in Figure 3b which shows that the data are very 
linear over the range 0.1 < 8 < 0.9 and conform well to a 
single pK. Similar titrations were performed in the presence 
of large amounts of Mn 2+ and spermidine as well. Table II 
summarizes the hydrogen ion p^ H and n values obtained. In 
every instance the data fit that for a single site with the cation 
stabilized form of the tRNA having its p^ H shifted about 1.3- 
1.4 units below that of the low salt form. The fact that the data 
fit that for a single pK under a variety of conditions indicates 
that the probe is probably monitoring just one ionization site 
•■- on the tRNA, although the changes in Mg 2 + affinity with pH 
may be brought about by ionizations at several sites. 

What is the identity of these ionization sites? Although the 
pH dependence of tRNA structure has previously not been 
well studied, DNA and several synthetic polyribonucleotide 
systems have been well characterized with respect to pH de- 
pendent behavior. For example, strongly salt dependent pK H 
values have been observed for pronations of the bases in 
SNA; m general, the lower the salt concentration, the higher 
the ptf H . Values between pK K = 4.0 and 6,1 for deoxycytidylic 
acid residues, and between pK n = 3.5 and 5.4 for deoxy- 
adenyhc acid residues in DNA have been reported (Cavalieri 
and Stone, 1955; Jordan, ei aL, 1956; Cox and Peacocke, 
Iy 57; see Jordan, 1960, for an extensive review), whereas the 
monomers have approximately salt independent pK H values 
°f 4,2 and 3.6, respectively (Cavalieri and Stone, 1955). Pro- 
bation of the adenine bases in poly(A) leads to the forma- 
tion of a double helix in which each adenine forms three 
hydrogen bonds (Rich er al., 1961). The protonation occurs 
about P K K = 5.9 in 0.1 m K + and is "severely depressed" by 
2 m M Ca 2+ (Beers and Steiner, 1957; Steiner and Beers, 1959). 
p °ly(C) can form a double helical, triple hydrogen bonded 
structure which exhibits pK R 's in solution of 5.7 and 3.0, 




figure 4: Per cent change in w. pH at 25°. Buffers are as for 
corresponding experiments in Figure 3a: (•) data oKned ,*£ 
presence of lO m M Mg~; (O) data obtained in the presence of 10 

fiS^JKiSr* • " «•"•-«*• 

compared with a pK u of 4.2 for cytidylic acid (Langridge and 
Rich, 1963; Hartman and Rich, 1965). Each protonation 
corresponds to the addition of one proton per base pair The 
abnormal p* H values are. interpreted as being a result of the 
first proton binding more readily (p* H = 5.7) to allow forma- 
tion of a particular hydrogen bond and subsequent helix 
formation, and the second proton binding weakly (ptf H = 
3.0) because its presence destroys the helix. 

In each of these examples, protonation at the elevated p^ H 
leads to the formation of additional structure in the poly- 
nucleotide. Therefore, it is plausible that protonation of 
specific groups on tRNA leads to additional structure, although 
not necessarily the same kinds of structures observed in cases 
mentioned above. 

The ultraviolet absorption of unacylated tRNA Ile was 
studied as a function of pH in order to assess further the pH 
dependent structural. effects. Since A and C residues are likely 
to cause a pH effect, particular attention was directed to mea- 
surements at 275 nm where the protonation of C has its 
largest change (protonation of A causes almost no change in 
its spectrum (Cavalieri and Stone, 1955; Hartman and Rich, 
1965)). Figure 4 shows the pH titration monitored at 275 nm 
of unacylated tRNA 11 * in 10 m M Mg'+ and in 10 m M Na+ 
The changes are rather small. The data definitely show, how- 
ever, that the uv absorption at 275 nm is pH dependent. The 
titration curves do not appear to have a simple structure 
presumably because the uv absorption change is made up of 
the overlapping contributions of many bases. However, the 
relative positions of the titration curves are markedly shifted 
by Mg J+ in a way which qualitatively resembles the effects 
followed by emission changes (Figure 3a). It seems likely from 
the uv absorption data that more than one C is being proto- 
nated in the region where the probe shows a pH dependence 
of its fluorescence. Although no specific data were obtained, 
it is reasonable to suspect that one or more A residues is also 
protonated in this region. 

As mentioned above, the fluorescence data suggest that the 
probe is sensitive to only one of these "abnormal" ionizations. 
To check on the effects of nearby ionizations on the naph- 
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figure 5: Change in fluorescence emission intensity with time fol- 
lowing the addition of Mg I+ at pH 6.0, 25° with a buffer of 20 mi* 
cacodylate, 1 mM EDTA, 10 idm Na+ and a~ counterion. Addition 
of Mg i+ resulted in a final free Mg J+ concentration of 6.3 X 10~ s m. 
The inset gives a semilogarithmic plot of the final signal minus the 
' current signal vs. time. 

thoxyl group's fluorescence, the pH dependence of the emis- 
sion of the parent compound I and the fragments II and III 
was studied. All of these molecules display pH-dependent 
emission changes which follow a single pK H . These titrations 
were different in two major respects from that of the label 
attached to intact tRNA, however. First, the quenching ob- 
served as the pH is lowered is significantly less than that found 
with intact tRNA (Lynch, 1973). Second, the titrations of I, 
II, and III are independent of.Mg 2+ which markedly contrasts 
with the results shown in Figure 3a for IV. In the case of I a 
pRx = 2.4 was found. The p^ H apparently corresponds to 
ionization of the carboxyl group (phenoxyacetic acid has a 
carboxyl pK H = 3.15 (Hayes and Branch, 1943)). The ob- 
served fluorescence level and pH dependence of I in the pH 
3.5-8 range are not changed if unmodified tRNA is added to 
the solution in fourfold greater concentration than is normally 
used in titrations of IV. This indicates that the fluorescence 
of the naphthoxyl moiety is not greatly influenced by the 
tRNA if they a re not covalently bonded together. 

A p^ H = 3.8 was observed for II. This p# H closely corre- 
sponds to a pKu of adenosine (Alberty et aL 3 1951). This result 
suggests that the fluorescence of the naphthoxyl group is 
able to monitor protonations in its vicinity. 

In the case of III, almost all of the signal change conforms 
to a smooth titration curve centered at pH 4.8; there was 
slight «5 % of the initial signal) additional quenching below 
pH 3.5 which was not studied. The pK H value of 4.8 is about 
1.2 units above that for the adenine base of AMP (Alberty, 
et aL, 1951) and 0.6 unit above that for the cytosine base of 
CMP (Hartman and Rich, 1965). Thus, it seems likely that a 
C rather than an A is responsible for the changes in fluores- 
cence seen in III. If a cytidine(s) is responsible, the results 
indicate that the probe is sensitive to a protonation at a non- 
adjacent base in the primary structure. 

The salt independent pA' H = 4.8 for III is very close to that 
observed in the high salt form of IV, which raises the possi- 
bility that the same group is causing the fluorescence changes 
in III and in IV. Of the four C residues in III, the two closest 
to the probe are not base paired in the tRNA cloverleaf struc- 
ture. Either of them are plausible candidates for the locus of 
the protonation causing the fluorescence changes in IV. 

Kinetic Studies at pH 6. The kinetic studies of Mg= + binding 
reported in the preceding paper (Lynch and Schimmel, 1974) 
were done at pH 7.5 where the emission exhibits no pH de- 
pendence. To investigate further the mechanism of coupling 
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figure 6: Change in A w with time following the addition o(te o i0 

P , I £° Wkh buffer 38 in Fi S ure 5 - Inset is A^ 60 on logarithm^ 
scale. Addition resulted in a free [Mg 2+ ] = 9.5 x 10" 5 m S' 1 

of the "abnormal" hydorgen ion equilibria with the coopera^f 
tive binding of Mg 2+ , kinetic studies were carried out atpH^F 
At this pH (in 10 mM Na + ), the cooperativity index n is reduced*/ 
about twofold and the apparent Mg«- dissociation constant^ 
almost tenfold from the values observed at pH 7.5 (see Tabled] 
V- ■ 

Figure 5 gives a plot of the time course of the fluorescence"!] 
increase AF following Mg 2+ addition at 25°. The kinetics^! 
clearly appear to involve at least three phases— a rapid jumpf 
followed by two slower phases. The inset in the figure gives!) 
. log AF vs. time. When the longer time portion of the semi-? 
logarithmic plot is subtracted from the total signal, the eari^j 
time portion also yields a straight line when the data are re-lj 
plotted. However, unlike the case at pH 7.5, when the straight 
lines are extrapolated back to zero time, they do not accountf | 
for all of the intensity change that occurs. This is a conse^ 
quence of the rapid initial jump in fluorescence. H 
Similar rates for Mg 2+ induced optical density changes werel] 
observed by monitoring the absorbance of unacylated tRNA !1 ;| 
at 260 nm (see Figure 6). . Although the changes are quitef 
small (~5%), the time course may be resolved into two£| 
straight line sections on a semilogarithmic plot with the samfj 
rates as observed in the fluorescence experiments. The changed 
in optical density are observed with derivatized tRNA as well^f 
as the unacylated species. Since the uv changes are in general 
agreement with the fluorescence results, and since the sam<T 
rates are observed for unacylated as well as derivatizetf'j 
tRNA 1Ie , it is concluded that at pH6, as at pH 7.5, the probe" 
is monitoring, but not influencing, a general tRNA conforms \ 
tional change. M 
The linearity of the semilogarithmic plots indicates thai-; 
first-order, or pseudo-first-order, kinetic processes are causing' i 
the fluorescence changes. However, since the two observed- 
processes do not account for all of the signal change, one (or: j 
more) additional rapid process is necessary to describe the:, i 
observed overall change AF\o give 



AF = AF' + A.e.-^ 1 + A*' 



0) 



where \ x > X 2 , AF' is the rapid initial change in fluorescence 
that occurs on Mg 2+ addition, A x and A 2 are amplitude param- J 
eters, and \ x and \ 2 are time constants. The parameters h andJ 
A* are plotted as functions of the Mg 2+ concentration (at 10 J 
mM Na + ) in Figures 7a and b. Each exhibits a hyperbolic f 
Mg 5+ dependence. The lines in the figures are theoretical 
curves which are derived below. This behavior of X, and M 
implies that, these two rate processes represent slow unH 
molecular changes coupled to rapid bimolecular step(s). Thus, 
the slower time portions of the kinetics are qualitatively 
similar at pH 6 and pH 7.5. 
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In order to resolve the rate of the initial jump AF', fluores- 
cence stopped-fiow experiments were performed. It was ob- 
served that for Mg=+ additions giving Mg=+ concentrations 
of 10" 3 and 10-< m, the portion of the signal change corre- 
sponding to AF' was completely over within the dead time 
of the instrument (-5 X 10" 3 sec). This indicates that any 
bimolecular Mg 3+ binding step(s) involved in generating 
AF' must have a rate constant(s) greater than ca. 2 X 10 e 
m" 1 sec" 1 . This is of the order seen for reaction between Mg 2+ 
and A DP in a temperature-jump study (see Eigen and Ham- 
mes,1960). 

Despite the inability to measure a rate for AF', valuable 
information may be obtained from the Mg 2+ dependence of 
its magnitude. Figure 8a gives a plot of 8j vs. pMg where 6j 
is the fractional change (of its maximal change) of AF', and 
Figure 8b gives log ((1 - 8j)/6j) ds. pMg. These data yield 
n - 1.0 and pK^ p = 3.6 suggesting that the AF' phase of the 
fluorescence change might be due to binding a single Mg 2+ . 
A comparison of the high pMg plateau level of AF', AF' maX) 
with the lower titration curve in Figure 3a shows that AF™Z 
is of the same size as expected for deprotonation of IV at pH 6. 
That the rapidity of the ionization effects was presumably asso- 
ciated with AF' was confirmed by the finding that the emission ~ 
changes accompanying a pH jump in the absence of Mg=+ 
are too rapid to follow by manual techniques. These facts-lead 
to the speculation that the rapid portion of the signal change 
is due to a deprotonation of IV resulting from an initial Mg'+ 
associauon. This postulation also explains why no rapid phase 
^observed at pH 7.5, since at that pH all of IV is deprotonated 
ev en in the absence of Mg 2+ . 

Kinetic Mechanism and Analysis. In spite of the marked 
^ erences in the equilibrium binding curves between pH 6.0 
" d 7.5, the kinetic data are quite similar. In each case two 
ow proves are observed, although the Mg*- - * rates 
at np , ab ° Ut 3 faCt0r 0f 3 Jower than the equivalent rates 
Denri AH ° f thC X VS ' [Mg2+1 pJots show hyperbolic de- 
t he C 0n M § 2+ concentration, although the midpoints of 
lionTru * pH 6 fal1 at somewhat lower" Mg 2+ concentra- 
serv t> 0nly <3 ual tative difference in the two sets of ob- 
6 and^ S IS th£ appearance of the rapid phase (AF') at pH 
> no this difference is reasonably accounted for in terms of 
pr 0tOnatlOn S e nS ed by the probe. In light of these simi- 
es, it is not unreasonable to suppose that a very similar 
^nanism is operating at pH 6 as at pH 7.5. 
? 5 n order to extend to pH 6 the mechanism derived for pH 
' first necessary to reconsider the cause of AF', It has 



been pointed out that AF' is probably caused by a deprotona- 
tion step of the type 

RH ^± R + H + ( 2 ) 

where the RH +± R equilibrium refers to the ionization moni- 
tored by the probe. Since the rapid fluorescence change upon 
Mg2+ addition obviously precedes either of the unimolecular 
processes, it is logical to have eq 2 as the first step in the mech- 
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figure 8: (a) Plot of dj ds. pMg, at pH 6.0, 25° with a buffer con- 
taining 10 mM Na+ 20 mM cacodylate, 1 mM EDTA, and Cl" 
counterion. See text for details, (b) Plot of log (1 - 8 3 )/8 } vs. pMg. 
Data are derived from the curve in Figure 8a. See text for details. 
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table in : Kinetic Parameters at pH 6.0, 25°.° 

Rate Constant (sec" 1 ) Equilibrium Constant (m) 



*2 

k-i 
k< 



0.115 
0.005 
0.030 
0.0005 



Ki 1.1 X 10~< 

Kz 8.0 X 10" 4 

K H - K Q 10-«-° 



a All kinetic parameters were derived from data obtained 
at pH 6.0, 25° with solutions containing 1 mM EDTA, 20 mM 
cacodylate, 1 0 mM Na + , and CI* counterion. 



^anism. This will happen if Mg 2+ preferentially binds to R 
and thus promotes dissociation of HR. Therefore, the overall 
scheme may be written as 

RH R + H + 
R + Mg 2+ Xi -Z± X, 

Jb_i . 



(3) 



X, + Mg l+ ; 



: x 3 x, 

A_4 



It is again assumed that bimolecular steps in the mechanism 
are rapid compared to the X t <=£ X 2 and X 5 X 4 steps. Above 
cfl. pH 7, eq 3 reduces to the mechanism studied at pH 7.5 
(Lynch and Schimmel, 1974) since dissociation of RH to R 
is complete at that pH. Other mechanisms may be eliminated, 
as pointed out elsewhere (Lynch, 1973; Lynch and Schimmel, 
1974). 

The rate equations . for the above mechanism may be de- 
rived in a manner analogous to that described in the preceding 
paper (Lynch and Schimmel, 1974). Some details are given 
in Appendix L The solution of these equations gives expres- 
sions for Xx and X 2 which may be used to extract equilibrium 
and kinetic parameters for the mechanism in the same man- 
ner as described in Lynch and Schimmel (1974). Results of 
this analysis are tabulated in Table III (where the equilibrium 
constant K { = /:-</*<)- The curves in Figures 7a and b were 
calculated on the basis of these parameters. It is seen that 
agreement of calculated with observed behavior is very good. 

Two additional sets of data were tested for their compliance 
to the proposed mechanism. The first was the B vs. pMg plot 
in Figure 1. Relative fluorescences were assigned to each of 
the species in the. mechanism based on the amplitudes of three 
kinetic phases. An expression was derived for 6 vs. [Mg 2+ ] by 
using these relative fluorescence assignments together with 
the parameters in Table III. Appendix II gives additional de- 
tails. The calculated values of the parameters characterizing 
the titration curve are n = 1.32, ptf app = 4.73; the observed 
values of these parameters are n = 1.26,pA: a pp = 4.84. 

The second additional item of data tested against the mech- 
anism was the amplitude Af of the initial jump phase of the 
kinetics. According to our interpretation, this arises from 
deprotonation of RH caused by binding of Mg 2+ to R. This 
involves the first two steps of the mechanism and the entire 
fluorescence change comes from the RH R + Xi conver- 
sion since the emissions of R and X t are the same. We can 
therefore use the 8j vs. pMg plot (Figures 8a and b) to calcu- 
late Ki. This calculation is given in Appendix II. The value so 
calculated is 1.2 X 10" 4 m. The value obtained from the ki- 
netic data (the \ x vs. [Mg 2 +] plot in Figure 7a) is 1.1 X 10" 4 m 
(see Table III). It is clear that all available data conform ex- 
tremely well to the proposed mechanism. 



table iv : Comparison of Equilibrium 
and pH 6.0. 



Constants at pH ; |J§ 



pH 7.5 
20 °, 15 m M Na+ 



pH 6.0 



■^a p p , M 


2.3 X lO" 6 


1.4 X lO-' 


n 


1.8 


1.3 


K u M 


4.2 X 10-< 


2.2 X 10-* 




1.0 X 10" 1 


4.4 X 10-' 


K z , M 


17 X 10-< 


8.0 X 10-< 


K< 


1.0 x io- a 


17 X lO" 3 


K & , M 


8 X 10-« 






4 X 10-« 


1 x 10-5 


Wm 


2 X 10~ 6 


1 X lO-* 



if- 



"^.pp = [Mg^.x, = KJd + [H+PTh), [Mg'+; 
is the midpoint of the ri ds. [Mg *+] plot. 
Kn = K 3 /(l + l/K t ). 
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It is of considerable interest to compare the numerical values? 
of the various equilibrium constants obtained at pH 6 witf ' 
those at pH 7.5. Such a comparison should permit identified 
tion of the step(s) responsible for the tenfold drop in Mg 1 ! 
binding affinity and the large decrease in apparent coopera^ 
tivity observed at pH 6. The conditions for the two sets -of 
kinetic experiments were slightly different: the pH 6 data wertf 
obtained at 25°, 10 m M Na+ while data at pH 7.5 were obC 
tained.at 20°, 15 mM Na+ The use of identical temperaturtlf 
and Na + concentrations would further accentuate the differ! 
ences between the data at pH 6 and pH 7.5, as may be seen ., 
by the greater cooperativity and Mg I+ affinity evident in ttiet 
Mg 2+ titration at pH 7.5, 10 mM Na+ 25° as opposed to onf 
at pH 7.5, 15 mM Na + , 20° (see Lynch and Schimmel, 1974) ^ 
The comparative* data are listed in Table IV; the constants* 
K\ and are the apparent overall binding constants for eachf 
Mg 2+ ion in the mechanism and are defined in the table legend 
All of the parameters vary somewhat between the two pE 
values with the Mg 2+ association constants K x and K z beinf 
stronger at pH 6. However, each of the isomerization constants 
K 2 and K* decreases in going from pH 7.5 to pH 6, with the 
most outstanding change coming in the X 3 *=» X 4 isomeriza , 
tion. The net effect of these changes is to make weaker the? 
overall association of Mg 2+ ions monitored by the probe. * 
It is, also evident why the apparent cooperativity decrease^ 
at pH 6. The apparent dissociation constants change their} 
relative values between pH 7.5 and pH 6; at pH 7.5, Ku < 
but at pH 6, Kn ~ K\. The weakening of Kn relative to/Xg 
has the effect of spreading the fluorescence change over; a; 
larger range of Mg 2+ values, thereby lowering the apparent 
cooperativity. In addition, the Mg 2+ induced conversion of 
RH to R gives a contribution to the overall fluorescence 
change at pH 6 which is not present at pH 7.5. This gives, 
greater weight, at pH 6, to the fluorescence change associated: 
with the first Mg 2+ binding, which in turn manifests itself in s 
greater first power Mg 2+ component in the log (1 - 
pMg plots. ' 

Finally, the temperature dependence of k t and k< was mea- 
sured at pH 6 (for procedure see Lynch, 1973; Lynch and 
Schimmel, 1974). Values of 30 and 39 kcal mol" 1 were ob- 
tained for the activation energies for the Xi — X 2 and Xa " 
X 4 conversions, respectively. Essentially the same values fa 
each rate constant and activation energy were obtained 
both 10 mM Na + and 45 mM Na + . At pH 7.5 the two acuVa* 
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, . tion energies are less— 27 anc^^ zal mol" 1 , respectively 
f- (Lynch and Schimmel, 1974). The tendency for the activation 
; energies to be somewhat higher at pH 6 is consistent with the 
x- notion that the presumed aberrant structure which is formed 
; in j 0 w salt and the absence of Mg 2+ (Cole et a/., 1972; Lynch 
and Schimmel, 1974) is somewhat more stable at pH 6 than 
at pH 7.5 due to the "abnormal" protonations. Since Xj X l 
and X 3 — X< conversions are believed to represent the break- 
down of aberrant structures on the pathway to the native 
form (Lynch and Schimmel, 1974), it is reasonable that acti- 
vation energies for these steps should be higher at pH 6 where 
the aberrant forms have greater stability. 

Finally, the question was also raised as to the effect of 
other cations in facilitating the folding of tRNA. Both Na + 
*and spermidine 3 * were tried as alternatives to Mg 2+ . It was 
found that addition of these ions gave rise to rate process and 
activation energies similar to those observed with Mg 2+ . 

Environment of Probe. It is of interest to attempt to deter- 
mine the environmental states of the probe which bring about 
the remarkable emission changes induced by varying pH and 
metal ion concentration. This is perhaps best accomplished 
by first comparing the emissions of the labeled tRNA and its 
fragments on the same absolute scale, and by fluorescence life- 
time and polarization measurements on the derivatized tRNA 
under various conditions. 

Figure 9 places the fluorescence pH titrations of intact 
tRNA (IV) and fragment II on the same scale. The relative 
positions of the curves were assigned on the basis of an experi- 
ment in which IV and II were obtained at the same concen- 
tration by directly converting IV in solution to II with RNase 
A. It is apparent from this figure that the conformational 
change induced in the tRNA by the addition of Mg 2+ at pH 
7.5 has the effect of elevating the probe's quantum yield to 
almost its value on II. This suggests that the conformational 
change induced by the addition of Mg 2+ concludes with the 
3 '-terminus of the tRNA in a conformation similar to that of 
II, /.e., exposed to the solution and not interacting with the 
tRNA structure to any great extent. Therefore, the probe 
(and the 3 '-terminus) in the low salt form is probably under- 
going some interaction with the tRNA which results in fluores- 
cence quenching. 

Further support for the conclusion that in the high salt, 
nigh pH form of IV the probe is freely exposed to solution 
comes from fluorescence lifetime and polarization data. The 
fluorescence lifetimes of both I and IV were measured at pH 
J-S and 10 m M Mg 2 + The apparent lifetimes for I and IV are 
3 =*= 1 and 10 =b 1 nsec, respectively. The similarity in life- 
time for I and IV implies a similar quantum yield, which sug- 
gests a similar environment for each species. 
. The fluorescence polarizations of I, II, and the high salt, 
W pH form of IV are indistinguishable from background 
i^., zero polarization). Since all three have similar quantum 
jews (and lifetimes) this implies that the probe attached to 
e -end of IV is rotating in solution independently of the 
ca On! molecule * In contrast, IV has a polarization of 
0 15 7 u PH 7 ' 5 m 15 mM Na+ ' and a P° Iarizati ° n of ca. 
sure d 3 * 7 in 10 mM Na+ * However > k is difficu *t ^ mea- 
form k! tiy lifetimes or P olarized decays of the low salt 
emj S ' Use at the concentrations required for sufficient 
ssion, scattering causes serious interference. The lifetimes 

hieh i SaIt Spedes Can be estimated f ™ m the lifetime of the 
8" salt, high pH form (10 nsec) and the relative emission 

th e nSltlCS ° f thC different species < see Seeker, 1969). From 
esse data, it is estimated that the rotational unit associated 
h the probe in the low salt forms is signi6cantly greater 
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than the volume of the fluorphor itself (Lynch 1973- also 
unpublished calculation). Hence, the probe is at least some- 
what immobilized in the low salt species. Finally, it is not pos- 
sible to reach the low pH fluorescence plateau at high [Mg 2 +] 
because of tRNA precipitation, and definitive polarization 
data on the low pH form were not obtained. 

If the probe in its highly quenched state is somewhat im- 
mobilized on the tRNA, what is its environment? This ques- 
tion was^investigated by studying the emission of I in various 
nonaqueous solvents. With the exception of 95%. ethanol 
(which caused no quenching), all of the solvents used showed 
some quenching relative to an aqueous solution. Isopropyl 
alcohol, 1-butanol, dioxane, tetrahydrofuran, and ethyl ether 
all caused a moderate quenching of 15-30%. A chloroform- 
ethanol mixture (2:1 by volume) quenched two-thirds of the 
fluorescence, and a CCl,-ethanol mixture (1:1 by volume) 
quenched 99% of the fluorescence. In all cases, the emission 
maximum remained substantially unchanged. Thus, it would 
appear that while a general quenching occurs in nonaqueous 
environments, the specific effects of the chlorocarbon solvents 
cause the more drastic quenching similar to that found in 
titrating tRNA from a high salt, high pH state to a low salt, " 
low pH form. On the basis of these data, it is not possible to' 
assign a probable location to the probe's interaction with the 
tRNA structure, other than to suggest that the quenching 
might result from a specific interaction (such as with a phos- 
phate group) rather than a general effect caused by a non- 
aqueous environment. 

Discussion 

The data obtained by the fluorescence probe have indicated a 
remarkable effect, hitherto unrecognized, of pH upon the 
cooperative binding of Mg 2 + to tRNA near neutral pH. 
Earlier studies which demonstrated cooperative Mg 2+ binding 
were done above pH 7 where the pH effects are not evident 
(Cohn et at,, 1969; Danchin and Gueron, 1970; Danchin, 
1972; Schreier and Schimmel, 1974). The single salt dependent 
pZ H detected by fluorescence ranges from pK K = 6 (low salt) 
to pK H = 4,6 (high salt). It is probably due to a cytidine 
residue near the probe and is doubtless typical of other "ab- 
normal" ionizations on the tRNA. The effects of pH on the 
Mg 2+ binding arise because protonation lends increased 
stability to the low salt, Mg 2 +-free form of tRNA. A prime 
result of these protonations is to make the Mg I+ -induced-uni- 
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molecular steps (Xj id X 3 — X 4 , see eq 3) associated 

with breakdown of the low salt structure less facile at pH 6 as 
opposed to pH 7.5. The net effect is to reduce both the co- 
operativity and affinity of Mg 2+ binding and to slow down the 
rate of folding of tRNA into its native structure, when Mg 2+ 
is added to a low salt form. 

It is of interest to draw a more concrete picture of the mode 
of action of the probe and its sensitivity to structural changes 
in the tRNA. A logical possibility is that it intercalates into 
the tRNA under certain conditions, since it is known that 
certain planar aromatic molecules have a tendency to inter- 
calate into nucleic acid helices. The binding of proflavine to 
DNA has been extensively studied by Li and Crothers (1969) 
and the binding of ethidium to tRNA has been characterized 
by several workers (Bittman, 1969; Tao et at., 1970; Tritton 
and Mohr, 1973). These molecules bind quite well to the 
nucleic acids (with dissociation constants of 10 _5 -10 _6 m), 
but both are positively charged, a fact which accounts for 
much of their binding strength. For the binding of proflavine 
to DNA, Li and Crothers (1969) were able to resolve a two- 
step mechanism in which the first step represents binding of 
the proflavine to the outside of the DNA helix, and the second 
step represents the intercalation of proflavine into the helix. 
For the intercalation step they found air" equilibrium constant 
of about 10 in favor of intercalation. It can be envisioned that 
in low salt the probe, in the present study, is involved in an 
intercalation which results in fluorescence quenching and 
polarization. This intercalation might occur in the amino acid 
acceptor helix. The way in which the probe is expelled could be 
quite subtle, Folding of the tRNA into a tertiary structure 
could, for example, cause a slight change in the pitch of the 
acceptor helix which might in turn cause decreased intercala- 
tion of the probe. Thus, the degree of emission of transient 
intermediates such as X 2 could be determined by the distribu- 
tion of the probe between its free and bound states. In any 
event, one of the reasons for the great utility of the naph- 
thoxyl probe in this work must lie in a gentle and easily altered 
mode of interaction with the tRNA. 

Finally, the question of the generalization of these results to 
other tRNAs is of interest since all results were obtained with 
a specific species, tRNA IIe . To answer this question, some ex- 
periments were carried out with derivatized tRNA AJa (£. coli). 
Preliminary experiments showed that the emission of the 
probe attached to this tRNA is also sensitive to Mg 2+ and 
pH in a manner analogous to that found with tRNA Ile 
(Lynch, 1973). This suggests that the results reported in this 
and the preceding paper (Lynch and Schimmel, 1974), could 
be rather general. 

Appendix I 

Derivation of Rate Equations for Eq 3. The rate equations 
for the two slow steps of eq 3 may be derived by the procedure 
outlined in Lynch and Schimmel (1974). It is assumed that the 
free Mg 2+ concentration is constant during the kinetic events 
(see Lynch and Schimmel, 1974). The two rate equations are 

-d(AHR + AR + AXO/dr = k 2 AX { - *_ 2 AX, (1-1) 

' -dAX 4 /dr = -MX 3 + *_ 4 AX 4 (1-2) 

and the conservation equation among tRNA species is 

AHR + AR + AX, + AX 2 + AX 3 + AX 4 = 0 (1-3) 

where AX< is the deviation of the concentration of X t - from its 
final equilibrium value. The various equilibrium constant 
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relation^ for the steps which are rapid compared tlP 
two slow ones, may be differentiated to give relational 
among the various species. (For example, K n = [RirH+i/m Ps l 
and ARH = ([H+]/tf H )AR, where it is assumed AH+ 1 
owing to buffering.) These relationships together with eo 7l 
enable elimination of all terms except AX, and AX f m ^ 
1-1 and 1-2 with the result 4 m ;?i 



-dAX,/df = a„AX, + a 12 AX 4 
-dAX,/d/ = a 21 AX! + a J2 AX« 



where 



a u = 



1 + X,/[Mg'+][l .+ [H + ]/tf H ] 



+ 



1 + [Mg'+J/K, 



••** 



(I-5al 



«12 = 



*1 



[1 + (tf.flMg'+Kl + [H+]/tf H )][l. + [Mg*-]/jy •* 
fcjl + (fr/[Mg'+]Xl + IH+1/Ah)] 



■£>3f 



a n = 



(1 + MMg>+]) 
k< 



1 + K 3 /[Ms 1+ ] 



(I-S$ 



(1-541 



The solution to eq I-4a,b involves , finding the X/s of eqi 
.(of the text) which are the eigenvalues of the determinant 
formed from the a iS 's of eq I-4a,b. These are 



x _ (au + an) ± V (an + a n ) 2 + 4(a 12 a 2I - a u a n ) 

A, - j — - — 2 a-gj 

where Xj corresponds to the top sign and X 2 to the bottom sigitl 
Rate constants may be extracted from the various limiting 
forms of the X 4 's as discussed in Lynch and Schimmel (1974). |j 

Appendix II " . 

Derivation of 6 in Terms of Fluorescent Species. Relative 
fluorescence values may be assigned to all of the species inj 
eq 3 by the same procedure as used in Lynch and Schimrn* 
(1974). The values at pH 6 (10 rim Na+) are ;■; 

fas. = 0.33/k ) 
fx, = h * 

fx, = i.i6/k (ii-i; 

fx, - 1.16/ R ■ 
fx. = 2/ R 

The initial fluorescence F t and final fluorescence Ft are given 
by 

Fi = [HR]i/ H R + [R]i/ R (II-21 

F, = [R„]/ x . = 2[R 0 ]/ R (Il-jj 

where [R„] = [RH] + [R] + [X,] + [X,] + [X 3 ] + [XJ. Tnfi 
fluorescence Fat any concentration of Mg J+ is " I 

F = [HR]/hr + [RKr + [X,]/ x , + [X,L/k, + I 

[X 3 ]/ x , + [X 4 ]/k, (II-| 

1 

I 



Using eq II-l and the definition of 8 we obtain 



6 = F ~ Fi = 2 fX'J + 3[X,] + 3[X,] + 8[X<] n j 
Ft - Fi 8[Ro] 



SCH ^^^^^P®'- CT ° F PH ° N I0N BIND! N G T 0 t R N A • 



roparecg^ 

: ' elati <*5fi| 
: tR][H+]/f B 
led ah-k;; 




the fact that [R] = [RH] W 6 has been used. Divid- 



fctyQCl*' " ' 

through by [R] gives 

2[Mg^] + 3[Mg"-] 3[Mg"-]' 8fMg=+p 



<9- 



Ki 



g 1+ ]/K,] M 



fMg*p 

(H-6) 

Iff; A Jog ((1 - m- pMg line may be generated with eq 
• n-6. ^ usin 6 the va,ues of *i. K iy and obtained from 
f the kinetic curves. The line so generated is linear over the 
range of 0.05 < 9 < 0.95. The n and pif app values obtained 
fare 1.32 and 4.73, respectively, which agrees well with the 
Ipgerved values of 1.26 and 4.84, respectively. Although addi- 
B tjdnal binding beyond the X< stage could be taken into account 
Mpe calculated behavior agrees satisfactorily enough without 
KcoDsidering it. 

m . The amplitude of the rapid jump in fluorescence, AF', shows 
[i sign)° idal dependence on pMg. It is possible to derive an 
p- apression. for the fractional values of this fluorescence jump 
^ ;Sj = AF'/&F' m „. This may be done by considering the steps 



Ku 

RH Z£± R + H + 

Ki 

R + Mg' + ^zt X, 



(II-7) 



■ Vs of eq;3i 
e determihaS 



a n a n ) 



- b 0: :,;)signi 

irioWiirrutinfl 
imel(l 974)1' ' 



g Using the partial fluorescence of eq II-l an d the equality of 
|. PI] and [RH] at pH 6, we obtain V 

Fi = /HRfHRJi + yyR], = 2 / HR rR < o] 

Ft = /aJX,], = 3/hr[R' 0 ] g X . 8) 

= /hh[HR] + / R [R] + / x ,r Xl ] = 4 /h R [HR] + 3/kHfX,] 

gwhere [R'o] = [RH] + fR] + [XJ. The expression for 0, is 

I /), = F ~ F i _ [XJ 

— (II-9) 



Ft -F t [RH] + [R] -f [x,] 



Relative^ 
the species/upi 
md Schimnie§; 



Oj = 



(Z./fMg^J) [l + ([H+]/tf H )] + i V- 10 *. 

I Sf = ;?" 6 = tH+1 31 PH 6 ' 14 is clea ' f«» eq IMO 
■ ' PC St 5 T £ t0 °^ in * difeC,ly fr ° m the 0bserved 

kS AF [Mg!+3 curve - See text dis- 



■it 1 

: Fi are giveif :l 
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Pyrtaridin^J^thSSS No - (7) ' Wilh S0dium borohydride. 5-(4. 
solution, is reduced by sodiLborohvd^ 

The fluorescent n^uZ o f Py^ Pyo(4-5)hSur (10). 

proximate 4-thiou Se andSfn^oieT "* m ° nit ° r ° f ** P hot °™«™ of tRNA, containing 



\ specific intramolecular photoreaction has been shown 
X to occur between 4-thiouridine and a cytidine in £ 
coli tRNA,™ on irradiation at 335 nm. 1 Only those 
E. coli tRNAs known to possess a 4-thiouridine moiety 
in nucleoside position 8 and a cytidine in position 13 
from the 5 '-terminal end yield a photoproduct under 
these conditions. Evidence for the covalent cross- 
linking between the two nucleosides after photolysis of 
the intact E. coli tRNA, v " at 335 nm was provided by 
enzymic fragmentation sequence studies. 1 Subse- 
quently the photochemically cross-linked binucleotide 
unit was isolated by the complete enzymic digestion of 
the irradiated tRNA.'". The structure of the corre- 
sponding ^nucleoside photoproduct has recently been 
determined as 1* Compound 1, 5-(l-/?- D -ribofur- 
anosyl-4-pyrimidin-2-one)cytidine, was obtained in fair 
yield by irradiating 4-thiouridine and cytidine in aque- 
ous solution at 4° at 335 nm. The corresponding 
bipynmidme product, 5-(4-pyrimidin-2-one)cytosine: 
Pyo(4-5)Cyt (2),' resulted on photolysis (335 nm) of 4- 
thiouracil in the presence of cytosine. 2 

0970. FaVfe - Mi=helson - and M - Yaniv. J. Mot. 

(2) (a) N. J. Leonard, D. E. Bergstrom, and G. L. Tolman Biochem 
Biophys. R ts . Commun.. 44, 1524 (1971)- b) D E Ber« rnm Z ' 
Leonard. Biochemistry, 11, I (1972) Bergstrom and N. j. 

chemi^N™."! f °" 0Win8 ,h ' IUPA C-IUB Commission on Bio- 
- ^ S ,u ome ? dature "commendations V- Mo/. «o/.. 55, 299 (1971)) 

■ ta^ffl U d T »J e - Ph0t0C ^ em j Stry Symb0,ism ^Ployed nrf 
: <Coh? r£ , r .? ^2T ,yed , aft " disc ««i°ns with Dr. Waldo 
"«a™l ,? ?■ ° f ,5' ° fficC 0f Bi ° c ""ni«l Nomenclature. For 
SL cL^u" 3bbreV at 0n ' Cy, - Sur - f ° r photoproduct 2 

SS-sSf wh^T" ° r , the „! wo fra8ments - has becn r <* la «" »y 

knml 7 d ' Ch re P fesents the "c,ual structure, now that it is 
know,,.. Pyo stands for pyrimidin . 2 . one and 4 _ 5 in - djcalcs »"« « « 



The nature of the photoreaction and the structure of 
the photoproduct may lead to the acquisition of impor- 
tant structural and functional information about tRNA. 
It has been shown 4 that the photolytically cross-linked 
E. coli tRNA/- 1 can be charged with valine in the pres- 
ence of its corresponding aminoacyl synthetase, al- 
though the affinity for the synthetase is decreased 
The Val-tRNA,™ functions normally in a recon- 
structed in citro protein-synthesizing system. Qualita- 
tively similar results have been obtained in experiments 
with E. coli tRNA Are and tRNAi Phe . 5 

The susceptibility of 4-thiouridine in tRNA to boro- 
hydride reduction 6 apparently led to an attempted.boro- 
hydnde reduction of the photolytically cross-linked 
tRNA. When the photoproduct was treated with so- 
dium borohydride it was converted to a new, highly 
fluorescent compound with emission maximum 440 nm 
and excitation maximum 386 nm.' The degree and 

attached by covalent linkage from the 4 position to the 5 position of 
cytosme. Based on the bipyrimidine system of nomenclature, which is 
less indicative of the biochemical connotation and interest ^-(4-pyrim- 
idin.2.one)cytosine is 4.amino-4',5.bipyrimidine-2,2'(l H,l 'WJ-dione. 

Z < b ^ r !, V, ^ IOns . r °" ow lhe ncw Photochemistry symbolism, e.g., 
Pdo(4-5)Cyd (in place of Cyd-Srd'-) for S-d-fl-D-ribofuranosyM. 
pynmidin^-onejcytidine (I); Pyo(4-5)Ura for 5.(4-pyrimidin.2.one). 
uracil (7); Pyo(4-5)Sur for 5-(4.pyrimidin-2.one).4-ihiouracil (9). The 
corresponding dihydro products obtained by treatment of 2, 7, and 
9 with sodium borohydride are designated, respectively as Pyo(4-S). 
(lof ^ (ra,h " lha " CyNSur " d) - p y°(4-5)hUra (8), and Pyo(4-5)hSur 

, 0 (4 ,' Yaniv - A - Cnes,ier . F - Gros. and A. Favre, J. Mol. Biol.. S8, 
381 (1971). 

854 5 (l97 0 hafRn ' ° R 0milia nowski, and R. M. Bock, Science. 172, 
(6) P. Cerutti, T. W. Holt, and N. Miller, J. Mot. Uiol. 34 505 ( l%K) 
236 7 (I97n aVrCand M ' YaniV ' FEDS(Fcd - Eur ' Dioch e>»- Soc.) Leu.. \1, 
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."K.7'*;" v ~f -3SSIAX-. rrr, 

rat&ijdf photochemical aoss^mj^^^^L^ 
clemently by treating the ir^IliP^i^ 
3!m borohydride and measyrinlfi^^SS 

-The reduced photoproduct take* on- a^ded^igflifi- 
cance with the recent discovery that: Pdo^5)(sfe® is 
\ major photoproduct of the irradiation^ of;|olycy- 
•dylic _aadatpH4.« Although the importance 0 f the 
ormation of the photoproduct in RNA, or of^tte re- 
lated, deoxyribose photoproduct. in DNA, has yet to be 
JTxt?' boroh y dride treatmentiof photolyzed RNA 
and DNA may allow detection of. the cross-linked 
photoproduct at very low concentration levels. 





Jl£r 



We are now able to report the synthesis and structure 
of a fluorescent compound 3 identical with the product 
formed on borohydride reduction 'of cross-linked 
RNA. The reduced photoproduct 3 was obtained by 
treatment of Pyo(4-5)Cyt (2) with sodium borohydride 

l j*uT? the J trUCtmtS 0f the P roduct s formed on 
PvnSuf red " ctlon J of 5-(4-pyrimidin-2-one)uracil, 
Pyo(4-5)Ura (7), and 5-(4-pyrimidin-2-one)-4-thio 
. «J, Pyo 4-5)Sur (9), have been determined. The 
wynthesis of Pyo(4-5)Ura by irradiation of a dilute 
Jwl«£ T- ° f , Uracil and 4 - thi °^acil at 4° and of 
S h« h J* ,r L ad , ia ?° n (335 nm ) 0f 4 -thiouraci! at 
4 has been described.*- Although neither of these bi- 
pynm.d.ne photoproducts has yet been found in ir- 
^edtRNA th ey have served as valuable analogs in 
the study of Pyo(4-5)Cyt (2). 5 

Results 

Sufficient quantities of Pyo(4-5)Cyt (2), Pyo(4-5)- 
Ura (7 , and Pyo(4-5)Sur (9) were necessary in order to 

PvXS the ' r K b ° r0hydride redu?ti0 " P rod ^ 
Pyo(4-5)Cyt can be prepared in low yield by direct 

photolysis of an aqueous solution of cytosine and 4- 

noTvS ™ h ow r er ' il was more efficient 'y P re P"ed 

ml: ) y tment 0f p y°( 4 -5)Sur with sodium 
metaperiodate in an aqueous ammonium ion buffer s™ 

emld "2 9>8 - If thC P£ri0date reacti °" wa" at- 
tempted m the normal two steps, as for the conversion 

?f 2 -deoxy-4.th.our.dine to 2'-deoxycytidine via an 
intermediate sulfonate,- it failed. Pyo^Sur (9) was 
eas.ly obtamed by photolysis of 4-ih ouracil as pre 
v.ously d bed , Whgn 4 . th . ouradi « P« 

uractl he " q fl Ue ° US ? ^ With a twofold ««• of 
urac.I the major product was Pyo(4-5)Ura (7) "> 

^iKP & was reduced with excess so- 
urn borohydr.de ,n aqueous solution a single major 
^.,oduct was -solated (X- 374 „ m) (Figure 1) On 

S) E.' B.mn?,1t F Y ' W T 6 J "». 4603 (.97!). 

< " ,d R - Frcsc °. J - Chcm. Soc, 90, 7338 (1968). 
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the basis of spectral data and elemental analysis the 

oZe7r o rrTM d StrUCtUrC 1 " one can 

2 nvrim H ^ tautomeric f °™* of cytosine and 

o?m , 3 rd n 5'h e,the L ° nC ' ° r b ° th ' ° f the taut ™^ 
forms 3a and 3b can be present. This point could not 

be clanfied readily from the first spectral data The re- 
duced product Py 0 (4-5)hCyt (3), was found to have the 
composition C 8 H s N 5 0 ; by elemental analysis con- 
firmed by the molecular ion M + at m /e 207 obs r'ved in 
the low-resolution mass spectrum. 

The nmr spectrum of 3 in trifluoroacetic acid was 
complex and unrewarding. However, the spectrum 
was somewhat amplified in trifluoroacetic acid \ and 
peaks were observed which apparently arise from the 
presence of two different protonated forms of 3 The 

ZTll^f° n T Sh ° Wed a P air of doublets at ,5 7.19 
and 8.43 (/ = 6.5 Hz) assignable to the C-5 and C 6 
protons of the 2-pyrimidinone moiety, and a pair of 
doublets at 6 4.04 and 4.24 (7 = 14.5 Hz) indicativ of 

ZtST T 8em , mal Pr ° t0ns - The ma J' or expo- 
nent showed a smglet at S 4.37, a doublet at 7.45 (/= 

/•3 Hz), and an unresolved mul.tiplet at 6 76 For 
comparison, the nmr spectrum of the unreduced photo- 
product, Pyo(4-5)Cyt, showed a singlet at S 8.99 due to 
the C-6 proton of the cytosine moiety and two doublets 
at 7.37 and 8.38 (7 = 7.5 Hz) assignable to the C-5 and 
C-6 protons of the 2,pyrimidinone moiety. The dis- 
appearance of the C-6 proton resonance at « 8 99 re- 
tention of low-field doublets » between 6.5 and 8.5, 'and 

220-MH z l tecfrun 1 he it P s e f r ' 6 ' ?6 35 a br0ad «ingl«in the 

been oKd or ,hc C 5 S of 8 "* broadenin, has of.cn 

observed thai .he C S ,„h r . y ^ S '" e der,vativ «- Wc have 
ihL C-5 ,.,.d C-6 protons of 4.methy|.2.p yr j m ; ui „ 01K :lrc 
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Figure 2. Technical fluorescence excitation ( ) (X em . 440 nm) 

and emission spectra ( — -) (X ex 386 nm) of Pyo(4-5)hCyt (3) in 
1,2-propanediol at 20°. The peaks resulting from light scattering 
by the solvent are shown (•••); cf. Figure 2 in ref 7. 



the appearance of new signals at high field, integrating 
for two protons, suggested that hydride had added at 
C-6. The nmr spectrum of Pyo(4~5)hCyt in fluoro- 
sulfonic-acid clarified the nature of the two components 
observed in the trifluoroacetic acid-rfi spectrum. In 
fluorosulfonic acid two sharp doublets at 8 7.78 and 
8.91 (J = 6.5 Hz) were assignable to the C-5 and C-6 
protons, a broad singlet at 9.41 was assumed to be due n 
to the two N-4 protons, and a broad singlet at 8.47 was 
assignable to the N-l proton. An apparent doublet of 
doublets at 5 5.14 (J uncertain) had been observed pre- 
viously in the nmr spectrum of Pyo(4-5)hCyt in tri- 
. . joroacetic acid as an unresolved multiplet at 4.91 
''Ci^ich integrated for a single proton of the minor com- 
ponent. This peak was not observed in the nmr spec- 
trum of Pyo(4-5)hCyt in trifluoroacetic acid-^. The 
final peak in the fluorosulfonic acid spectrum was a 
complex multiplet at 5 4.40, integrating for two protons, 
which is explicable as part of an ABX pattern assignable 
to the two C-6 protons. 11 Wee onclude that Pyo(4-5)- 
hCyt has the doubly protonated structure 5 in fluoro- 
sulfonic acid and that the singly protonated structure 4 
is the major component of an equilibrium mixture of 4 
and 5 in trifluoroacetic acid. Consistent with the 
singly protonated Pyo(4-5)hCyt structure 4, which 
would exist in a time-averaged planar conformation with 
the positive charge distributed over both rings (one con- 
tributor to the resonance hybrid is shown), is the singlet 
in the nmr spectrum for nondiflferentiated protons at 
C-6. By contrast, the nonequivalence of the C-6 pro- 
tons in the doubly protonated form requires a structure 
(5, one contributor to the resonance hybrid shown) in 
which the two rings are noncoplanar. 

The nmr spectroscopic assignments were checked by 
the reduction of Pyo(4-5)Cyt (2) with sodium boro- 
deuteride, which yielded a product 6 that gave a mo- 
lecular ion M+ at m/e 208 in the low-resolution mass 
spectrum. Whereas the borohydride reduction product 
3 showed, inter alia, two doublets in the nmr spectrum 
^aken in trifluoroacetic acid-^ (8 4.04 and 4.24, J = 14.5 

^jarp doublets in (CHjfcSO-rt. but in CF,COOH are broadened to the 
extent that they appear as broad singlets similar to the & 6.76 resonance 
Tor compound 3. 

(U) Resolution of the multiplet was too poor to obtain accurate 
coupling constants. 
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Figure 3. Ultraviolet spectrum of Pyo(4-5)hUra (8) in 0 04 M % 

HCl-10% DMSO-HjO and 10% DMSO-H 2 0 ( ), and 0.005 M 'M 

NaOH-10% DMSO-H ? 0 (.-•). m 

Hz), corresponding to the doubly protonated species 
with deuterium at C-5, the borodeuteride reduction 
product 6 showed two singlets under the same condi- 
tions. 

Compounds Pyo(4-5)Cyt and Pyo(4-5)hCyt were 
found to be interconvertible. . Thus, compound 3 could 
be oxidized back to 2 by platinum and oxygen in 
aqueous solution. Precedent for the oxidation was 
found in the catalytic oxygenation of the borohydride- 
reduced c/w;;«-thymine photodimer back to tht cis-syn- 
thymine dimer. 12 

Many of the difficulties encountered in studying the 
spectroscopic properties of Pyo(4-5)hCyt arose be- 
cause of its low solubility in solvents in which it was 
stable. A neutral solvent for the observation of the nmr 
spectrum would have been especially desirable, but, for 
instance, the low solubility (0.5 mg/ml) of Pyo(4-5)hCyt 
in dimethyl sulfoxide was only sufficient to allow prep- 
aration of solutions for quantitative uv spectra. Al- 
though compound 3 was readily soluble in aqueous base 
or acid, decomposition was evident in both media. The 
product resulting from treatment of 3 with 1 N hydro- 
chloric acid was characterized as 5-(4-pyrimidin-2-one)- 
3,6-dihydrouracil, Pyo(4-5)hUra (8), and was identical 
with the product obtained on borohydride reduction of 
Pyo(4-5)Ura (7). 

The fluorescence emission of Pyo(4-5)hCyt at 440 
nm was examined in different solvents and was found to 
increase in the order: aqueous solution at neutral and 
basic pH, 4% dimethyl sulfoxide-ethanol, 1,2-propane- 
diol. In aqueous acid, Pyo(4-5)hCyt was not fluores- 
cent. Even in 1,2-propanediol the intensity of the 
fluorescence was slight in comparison with the intensity 
of the solvent scattering at the wavelength of excitation 
(374 nm) (Figure 2). The absolute quantum efficiencies 
of Pyo(4~5)hCyt in 1,2-propanediol and water were 
determined to be 0.013 and approximately 0.001, respec- 
tively, by integration and comparison of the peak areas 
of the corrected emission spectra with the area of the 
emission peak for quinine sulfate 13 obtained with the 
same instrument settings. 

Treatment of Pyo(4-5)Ura (7) with sodium boro- 
hydride in aqueous solution gave a white solid with X";," 
355 nm (Figure 3) and composition C 8 H 8 N^O :) by ele- .4 

(12) T. Kunicda and B. Witkop. J. Amer. Chew. Soc. t 9.1, 3493 ^ 
(1971). "f 

(13) T. C. Scotl, R. D. Spencer, N. J. Leonard. ;ind C. Weber, ihitt. & 
92,687 (1970). 2fi 
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mental analysis. A . 
showed a molecular ion 

the base peak in the 9-e . .,„„„ apcu ^m;-™^! 
along with an unambiguous nrnr spl^tcjKn 
which showed a singlet at S Mm^k&ffiLt 
protons, doublets at 5.96 andT.3#WiSE 
able to the C-5 and C-6 proW^^SSe" 
mo.ety, and two broad singlets a^lnlWaS 
able to the N-l and N-3 prot^^SM^ 
the molecule,- led us to assign struck 8 to Se Zo- 
hydnde reduction product of Pyo(^5)TjJra 

hvdril UCti ° n ? W*- 5 ^ (a'with-sbdiurtf boro'- 

ndtt? ? ( 8b) and P y°(^5)hSur (10a 

1, r! * by s P ectrosco P |C means, tautomers 8a and 10a 
are favored for two reasons. ' First, on the basis of oast 
expense, the keto and thioketo forms of t he oxygen 
and sulfur-subst.tuted pyridines are favored over the 
enol and th.oenol forms. Second, the large hy D 0 
: chrom, c shift (6, nm) in the uv maximum ofl^S . 

;-nd i neandi,dis:,S 

S\ofl; 4 m °; s th r s s o1 (CIda:id ' s reagent) 



Discussion 

5-(4-Pyrimidin-2-one)cytosine, Pyo(4-5)Cyt (2) has 
been .dent.fied as the major photoproduc (a th 'base 
level) from photolysis of £. coli tRNA at 335 nm^ and 
.rrad.at.on of polycytidylic acid, deoxycy idine and 
of 2 Z IT 4 and , 254 The ^nfttioS i, d 

tween the 4 S f e h qUent H hydr0lySiS ' by 3 P^oreactio be 
tween the 4-thioundme in position 8 and the cvtidine 
-n posmon 13 fr 0m the 5 '-terminal end of T ' ,/ 
tRNA.v-, t RNA 2A v»i t RNA, B v.i tRN !Z t R*f A ™ 
tRNA,-,. and tRNA Ar * 5 i«'of i„te«f b^ u ^f "5 

str? ScTn^dTn 1 Pr0 J ideS C ° nCerni ^ the te "' a 
c 7X M ^^'^^nd-ne-arm region of the mole- 

w"!h w hl ^°p r r5)Cvt a c d a n e h d diVidCnd J S the faci "> 
cent derivat^ ^M&M* nT? " " flU ° reS " 
sod,m ^iS^M* J? roToT J}? 

' structure, nbose-substituted at both 1 nositions for 
he so dlum borohydride reductjon prod X l °" ' ° r 

o uranosyl-4- P y r i m i d in-2-one)cytidine, Pdo^ )Cyd 
(l),.and thus settles the question of the structure of tS 
reduced cross-linked moiety in tRNA We recognize 

r P d o.tto!, e d; n ie e v n e: s ronment from base to 

pro\^rt r R 0 N U A Cti0n , 0f 3 C ° Valently b0nded ^orescent 
probe m tRNA ,s clearly of interest for studying tRNA 

WJJ J. J. Fox, D. Van Pra,™ r u/« , ~ 

;. E. Knoll. M . L EidinofT A L^ Pen, i' L " D ° err ' L " Che °"S- 
Chcm. Soc. 81, 171! 0959° A ' Bend * K and °- B ' B "> w ". /. Ami. 




W NaOH-10% DMSO-H,0 ('• ) DMS °- H '° ( )• and 0.005 



hv3 Si! T "!. teraction - 7 I" addition, the boro- 
hydr.de reduction of Pdo(4-5)Cyd (1) or Pyo(4-5)Cyt 

oroduct Th SCnSitiVe d£teCti0n method for ^ Photo". 
p roduct The exc.tat.on and emission spectra of re- 
duced photoproduct in tRNA,™ have been reported' 

sured (22 ± 5% and <5 nsec). When the photooroduct 

Then ? ' S0 J at K d l r ° m tRNA ' V " as a binucleot^e and 
out on ' fluorescence q-ntum yield in aqueous 

m . ine absolute quantum efficiencies of 0 01 3 and 

s a e P r P ved X in a ri y a ° 01 f ° r which" we ob- 

served in 1,2-propanediol. and water, respectively in- 
d.catmg that the fluorescence intensity^ of Pyo(4-5)hCv t 

with Favre and Yan.v's conclusion 7 that Pyo(4-5)hCvt 

RNA T rfi n 3 hydr ° Ph0biC regi0 " in ^-fcr 
ceMulo^ M fl , uorescen « of Pyo(4-5)hCyt spotted on 
cellulose tic plates and viewed under long-wavelenath 
uv light is mtense enough to allow ready visual detec- 
tion of as little as 2-5 ng (10 pmol) 

nnanrtT b °/ 0tritide reducti °" has been used for the 
Z h V l determmati ° n 0f diMrouridine, 4-thiouri- 
d.ne, and ^-acetylcytidine in tRNA, 6 and of cvclo- 
butane photodimers in polynucleotides and deoxyribo- 

?yo e 4L C 5 a Cv t - the . detection °f -all amou^f 

Pyo(4-5)Cyt quant.tat.vely, reduction with sodium 
borotnt.de would give Py 0 (4-5)hCyt tritiated at C-6 
°17 S K pec " iate that amount of photoproduct 
could then be determ.ned from the activity of any of 
a number of isolated products: Pyo(4-5)hUra by direct 
S 8I £ cV^ ° f the irrad 'ated nucleic acid with 1 N HCI 
P ,7il ? d by 3n enzymic isolation Procedure or 
d/7" dS^ by the cat alytic oxygenation (0,,Pt) of 
Pyo(4-5)hCyt in the nucleic acid followed by acid deg- 
radat.on. S.nce it is of further interest to determine 
nMA m s P ?r a " Ce ° f P y°( 4 -5)Cyt to the photobiology of 
UNA/ the fluorescent product of borohydride reduc- 
tion should also aid in these studies. 
Experimental Section" 

tion ( DH y 9 i 8 mi l n ; 2 " 0ne)Cy ! t OS j ne ' p y°^ 5 ^ A buffer solu- 
' °"' PH 9 8 - was P re P ar ed by combining equal volumes of 7.4 M 

(16) (a) T. Kunieda imd B. Witkop. ibid. 89 4232 fl9fi7V t 

.« ?« u e „ 'ZST- SS? usins a BUchi mdling • ^ - : 

oxide-wm^ n wvi w h r ^ c ' ra wcre ,aken in dimc,h y | S "T- 
1 VA) " llh C ™y '5 spectrophotometer and technical 



^^Smp.^hydr^drknd ; 8.0 hi am^| -n chloride -^5-(4- 
: T §^®I^ W (58.5 I mmol) was dis-- 

.so^^in a solution of concentrated ammonium hydroxide (1 ml) 
and;.w ; ater (10:ml) anttthe solution was diluted -with pH 9.8 buffer 
{100 ml). To a solution of pH 9.8 buffer (100 ml), water (25 ml) 
and Q.3 M; sodium periodate (10 ml), the buffered solution of 
Pyo(4r5)Sur (9) was added dropwise over a period of 1 hr. After 
stirring an additional hour at room temperature the reaction mix- 
ture was stored overnight at 5° and filtered, and the solid product 
was collected and washed thoroughly with water. The crude prod- 
uct was dissolved in 0.1 M HC1 (18 ml), filtered, and reprecipitated 
by neutralization of the solution with ammonium hydroxide.. Fil- 
tration and drying in oacuo gave 41 . 1 mg of Pyo(4-5)Cyt • HjO (70 7) 
The identity, of Pyo(4-5)Cyt (2) prepared in this way with that ob- 
tained photochemically from cytosine and 4-thiouracil 5 was shown 
by thin-layer chromatography in three different solvent systems 
ultraviolet spectra in acidic, basic, and neutral aqueous solution, and 
direct comparison of physical properties and solubility behavior. 
5K^Pynmidin : 2-one)-3,6-dihydrocytosine, Pyo(4~5)hCyt (3). 5- 

■ 4 ~n y , r ^ (2) (1 6 ' 8 m & °- 075 mm o0 w as dissolved 

in 0.14 N HC1 (7 ml) and diluted to 150 ml with water (distilled 
under nitrogen). To the vigorously stirred solution under nitrogen 
was added 1 M NaOH (1.0 ml) followed immediately by aqueous 1 
M NaBH« (1.0 ml). The reaction mixture was stirred for 45 min at 
room temperature and cooled for 30 min in an ice bath, and I ml of 
acetone was added to decompose the unreacted borohydride. The 
cold reaction mixture was filtered, and the pale yellow precipitate 
was washed thoroughly with cold water to give, after drying 11 8 
mg of 3 (76%): mp >340° dec; nmr (CF 3 COOD) showed two 
components to be present, minor with h 4.04 (d 1 J = 14 5 Hz) 
A24-(d, l,y = 14.5 Hz), 7.19 (d, l,y = 6.5 Hz), 8.43 (d, \J = 6 5 
Hz); major w lt h h 4.37 (s, 2), 6.76 (br m, 1), 7.45 (d 1 J = 7 5 Hz)* 
nmr (FS0 3 H) 6 4.40 (m, 2). 5.14 (d of d, 1, J uncertain), 7.78 (d, l', 
y = 6.5 Hz), 8.47 (brsjj, 8.91 (d 1,7 - 6.5 Hz), 9.41 (br s, 2); tic 
^L Sy ^-^H°c;l°^ B ' °' 21 J C ' a2 9; 374 nm ( e 24,300), 264 
(5760); C:' VHC1 377 (14,300), 259 (4820); X 0 ™** N ' 0H 368 (1260) 
344 (1340), 297 (5690). The mass spectrum (70 J) sUolit 
prominent peaks at m/e (rel intensity) 207 (5) 150(7) 149 (36) 148 
(22), 135 (6), 124 (8), 123 (9), 122 (11), 121 (15), 120 (8) 105 (7) 96 

. 54 (6), 53 (8). 52 (13), 51 (6), 44 (22), 43 (100), 42 (33) 41(8) 40(8 

ST\l^<Si ^6(17), 167(15h 166 (79 V^2(70), 150 

Anal. Calcd for CaH„N s O,: C, 46.38; H 4 ^- N ^ 80 
Found: C, 46.12; H,4.43; N, 33.45. ' 

5-(4-Pyrimidin^-one)-3,6-dihydrocytosine-6-fl' 1 (6). 5-(4-Pyrim- 
idin-2-one)cytosine (2) (34.5 mg, 0.168 mmol) was reduced with 
sodium borodeutende (70.2 mg, 1.68 mmol) essentially as described - 
' Sodlum bor ohydride reduction, to give 6 (23.9 mg 

68% yield): mp >340° dec; X mttS 374 nm; nmr (CF,COOD) 
showed two components to be present, minor with t> 4.04 (s, 0:5) 
4.24 ( S , 0 5) i 7.20 (d, V, j = 6.5 Hz), 8.44 (d, 1. J . 6*5 Hz) 
major with 6 4.36 (s, 1), 6.84 (d, 1, J = 7.5 Hz), 7.46 (d 1 J = 7 5 
i /?f r v ^ lues m three solv ent systems were identical with the R, 
values of Pyo(4-5)hCyt (3). The mass spectrum (70 eV) showed 
prominent peaks at m/e (rel intensity) 208 (3) 152 (5) 151 (20) 150 
( 41), 149(32), 148 (14), 125(8), 124 (10). 123 (14), 122^5)! 121 (12? 

fluorescence emission spectra with a Hitachi Perkin-EImcr MPF-M 

l7e r " Ce "Hl S - e ' tr ° Ph0t0rneter - Absolute ^ ua ' ltum efficiencies were 
dete mined by integrate of the corrected spectra obtained with a digital 

E?» ,° r0m 2 e - 35 pre r vlous| y Ascribed. » As a reference the abso- 
lute quantum efficiency of quinine sulfate was taken as 0.70.'* Proton 

r^7n SOnanCe (Pmr) SpCCtra were deter ™ined on a Varian HA-100 
ammnn- S fl peCln ? metCr with tciramethylsilane (TMS) or tetramethyl- 
loirZ U r b ° rate aS thC inlcrnal Slandard ' The t^ramethylam. 
? 0 . Th, a V CSOnanCe in fluor ^u!fonic acid was taken as 5 
J. iu. The low-resolution mass spectral data were obtained on a MAT 
o^mTS flayer chromatography file, was carried out 
flunr«r?n. i a mm EaS ' man Chr0 ™6™™ sheets, cellulose without 
, £*i 0T \ ' n thC f ° ll0wing solvent V™™-- A - "-Propyl 
buffed 

Duitcred to pH 7.95 w,th concentrated NH,OH; C //-propyl alcohol- 
concentrated NHiOH-wnter-formic acid f 60 : 29 : 1 0 • U v/v) Spots 
Ztl^o^ Elemental micrLaC 

7 sToffllS A ^ J H° Sef NcmCth 3nd his associales al the Univ "- 
I wr? M,dweSt M '*°l*b. Inc., indianapolis.-Ind. 

(18) (a) N. C. Deno, H. G. Richcy. jr., N. Friedman, J. D. Hodge 



: ^1^^^^97/(6)^^^ 95 (13), 94 (5), 81 (5) 80(6)1^1 

( M#m i %^(W^^),27(5); maLpectrurn* 
■"/W^^ensityJ^lOB-JU), 168 (13), 167 (22), 152 (22) V 
150(100)349 (29). : ; K )% M :< 

^5<tPy^imidi^-2-one)-3 ) 6-dihydrouracil, Pyo(4-5)hUra ' (simTfflg^ 
a so]u.tiQn;or-P-(4-pyrimidin-2-one)uracil (7) (90.5 mc 0 44^^^S' 
in. 300 m! Qf.p.0p7 M NaOH was added sodium borohydridT^^^" 
mg r 2,64 mmol)... The reaction mixture was buffered to pH r siwl^ 
0.5 MKHjPO, and stirred for 30 min at room temperature^^ 
further portion of sodium borohydride (20 mg, 0.53 mmpiPWj 
added.- After stirring 15 min more at room temperature -fhe^iH™* 
tion mixture was buffered to pH 7 with 0.5 M KH t ?O t and th€ H^Mi 
NaBH 4 was decomposed by adding I ml of acetone. The^^^ 
yellow precipitate which formed on storing the solution ovefnlgnW 
at 5 was collected and dried in docuo to give 66.4 mg (73W$|g^ 
The compound was obtained analytically pure by recrys^IliiSlisR? 
rom CF 3 COOH.CH 3 COOH: mp >340«; nmr (CF 3 CoSS ; 

1), 9.32 (s, 1); Rf m system A, 0,43; B.0.41; C0.48: X^lSsM^ 

^J 7 «:g n 3 ^ W."™ 355 08,300)/ 263 
X... 380 (16,700), 280 (5830), 266 (5830). The-^afc 

spectrum (70 eV) showed prominent peaks at mfe (rel intensitvt?h^ 
42), 207 (100), 164 (48), 137 (25), 136 (34), 135 (17), 122 ( 2) 121 
33) 113 (22), 108 (16), 96 (30), 95 (12), 94 (12), 93 (12), 82 (14) 68 
(27), 67 (23), 66 (23), 65 (1 1 ), 54 (10), 53 (16), 52 (26), 51 (1 1) 44 # 
43 (31), 42(13), 41 (15), 40 (19), 39 (15), 32 (13), 29 (10), 28 (7# 27" 
(11); mass spectrum (9 eV) m/e (rel intensity) 209 (13) 208 nonvii 
207 (38), 206 (11), 113 (4), 96 (5). 

Anal. Calcd for C 6 H 8 N 4 0 ; : C, 46.16; H, 3.87- N 26 9/ 
Found: C, 46.25; H, 3.94; N, 27.10. ' ' • 

5-(4-Pyrimidin-2-one)-4.thio-3,6-dihydrouracil, Pyo(4-5)hSur 
(10). To a solution of 5-(4-pyrimidin-2-one)-4-thiouracil"-('9) 
(41.3 mg, 0.186 mmol) in 20 ml of 0.1 M ammonium bicarbonate 
(pH 9.1) was added sodium borohydride (32.2 me, 0.85 mmol) 
The reaction mixture was stirred for 10 min at room temperature 
then q.uenched by adding consecutively 1 mi of acetone and 5 ml of 
0.5 M H 3 PO,, and placed in an ice bath for 2 hr. The precipitate 
was collected and dried to give 29.5 mg (7 1 %) of 10. Analytically 
pure 10 was obtained by chromatography on Sephadex LH-20 and 
elution with W.tf-dimeihylformamide: mp >340° dec* nmr (CF 3 - 
COOH) h 4.39 (s, 2), 6.13 (d, 1,7 = 7.5 Hz). 7.30 (br s[ 1), 7.47 (d, 
\,J - 7.5 Hz), 9.32 (s, I); R t in system A, 0.59; B, 0.50; C, 0 59* 
?W 427.5 nm (e 23,500). 316 (61 10). 289 5 (5770)- X 0 ' 04 * H ' C1 431 
(23,300), 316 (6950). 291 (5650); \™ iM • v "°" 423 (28,400), 273 
(7860); mass spectrum (70 eV) m,'e (rel intensity) 224 (17), 223 (6) 
191 (5), 73 (11), 68 (9), 62 (6), 60 (100). 59 (5). 44 (21), 43 (87), 42 
(19), 34 ( 1 8), 33 (8), 32 (45), 30 (6). 29 ( 1 5). 28 (65). 27 (8), 26 (5). 

Anal. Calcd for C 8 H,N : 0-.S: C. 42.85- H 3 60- N 24 98 
Found: C, 43.13; H.3.64; N. 24.73. ' 

Oxidation of Pyo(4-5)hCyt (3) to Pyo(4-5)Cyt (2). Active 
platinum was prepared by reducing platinum oxide (18.6 mg) with 
H ; in 25 ml of water. A suspension of the active platinum and com- 
pound 3 (3.4 mg, 0.016 mmol) was prepared in 25 ml of water. 
After sparging with oxygen for 1 min at room temperature, 2.0 ml of 

1 N HQ was added to the reaction mixture. The oxygen sparging 
was discontinued after 1 5 min, the reaction mixture was filtered, and 
the water was removed in vacuo. The white residue was collected, 
washed thoroughly with ethanol, and dried to give 3.5 mg (89%) of 

2 as the hydrochloride salt. The quantitative uv spectra of the 
product at acidic, neutral and basic pH were identical with those of 
authentic Pyo(4-5)Cyt. J The identity of the compound was further 
established by comparative tic in three solvent systems and by. its 
rereduction to Pyo(4-5)hCyt with sodium borohvdride. - 

Hydrolysis of Pyo(4~5)hCyt (3) to Pyo(4-5)hUra (8). A solu- 
tion of Pyo(4-5)hCyt (1.1 mg) in I H HC1 (0.8 ml) was allowed to 
stand at room temperature overnight. The white precipitate 
which formed was collected, washed with water, and dried in vacuo 
yielding 1.0 mg of Pyo(4-5)hUra. The identity of Pyo(4-5)hyra 
prepared in this way with that obtained from the sodium bprohj^ 
dride reduction of Pyo(4-5)Ura was shown by tic in three differerVr 
solvent systems, uv spectra in acidic, basic, and neutral aqueous 1 
solution, and by the mass spectrum. rilr^' 
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of the digital spectrofluorometer. This work wa^3Sf^>^-^i 
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Abstract 

Glutamic acid tRNA from E coli v is • 
in the anticodon loop, namely ^SfevLJf "c min0r nuc ^osides 

thioridine and a modified ovimidin. 7 f ^"' 5-methylaminomethyl- 2 - 
This tRNA has a chain li?^??^^ f'JT ^ fl — t. 
methylguanosine or dihydrouridine as do lh» 11* " DOt COntain 

tRNAs of chain length 76-77 nucLot\des " ™* S *^™* J- coli" 



in this caseation we report the finding of an unusual nucleoside 
in glutamic tRNA from Escherichia coli K 1 2 . E. coli K 12 tRNA? lu 

purified by reverse phase chromatography, was the kind gift of Dr. A. J. 
Kelmers of 0a k Ridge National Laboratory. The tRNA^ u was digested with 
P-reatic and T, ribonucleases and the nucleotide sequences of the 
fragments were determined by established procedures (l). The elution • 
Patterns of the pancreatic and Tj RNase digestions are shown in Figure 1- 
The oligonucleotides obtained by ^ zymatic degzadation of ^ 

^ 8iVen ln U A T "Port of the nucleotide sequence 

°f .this tRNA has been presented ( 2 , 3 ) and is shown in Figure 2 . 

Ohashi, « al . (4) have report£d the sfiquence Qf ^ ^^^^ 

^ent (Pea k 11a) as CCCUNUCaHc and identified N as 5-methylaminomethyl- 
2-thiouridine. We have digested this fragment with pancreatic RNase and 
Gained the following result: C, 4 coles; U, 1 mole; A 2m C , 1 mo le; G, 1 
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Chromatographic elution patterns of the pancreatic RNase (A) 
and T x RNase (b) digestions of tKNASK 550 A 2 $0nm units of 
tRNA was digested with 1.5 mg pancreatic RNase [A) or 3500 
units T 1 RNase in a volume of 3 ml containing 30mM trisCl pH 
7.5 for 36 hours at Jf° and applied to a 0,8x90 cm DEAE 
cellulose column and eluted with a linear salt gradient, 0.0 
to O.U5M NaCl in 7M urea, 20mM trisCl pH J. 5, total volume 
•2.4 liters. 
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eatic KNase (A) 
k 260vm units 'of 
e (A) or 3500 

30mM trisCl pH- 
90 cm DEAE .J|f 
t gradient, 0.0 -■.) 

total volume 



: i 



Glutamic Acid tRNA with 



Pancreatic RNase 
Peak 1 Aqh 

Peak 2 l8Cp 
top 
2+P 

Peak 3 A^Cp 
ACp 
2GCp 
GUp 
NUp 

Peak 4 AACp 
GGCp 
GGUp 



Pe ak 5 pGUp. 

GAAUp 

Peak 6 AGGACp 

Peak 7 AGAGGCp 

Peak 8 AGGGGTp 
AGGGGACp 



L 0H 



T x RNase 
Peak 1 CCA 

i 

Peak 2 lOGp 

Peak 3 CGp 

Peak 4 AGp 

Peak 5 pGp 
ACGp 

Peak 6 Ti|rCGp 

Peak 7 UCfAGp 

Peak 8 CCCAGp 

Peak 9 a related to Peak ll a 



Peak 9 UAACAGp 

Peak 10 ACACCGp 

"Peak 11 UCCCCUUCGp 

Peak lla CCCUNTCA^CGp or 
CCCFNUCA CGp (i) 

Peak l 2a trace, not identified 

Peak 12 AAUCCCCUAGp 

Pe *k 13a, b, c, partial fragments 



i 1 ) A paper has appeared ( k) ^ • , 

identifying /*„ VU^S^^'^ °* thl. f ragment an ^ 
aentzon of a fluorescent nucW d f j tb £" ldlM ' but making no 
the nucleoside F in this fragment hL ^ * XaCt P° si ti°n of 
biguously. fragment has not been determined unam- 



J-ts susceDtibiHt-v 

» P«c rMclc ^ indicates £hat 1( ls ^ ^^^^ 



Vol. 46, 



1972 



BIOCHEMICAL AND BIOP^ 



AL RESEARCH COMMUNIcIt^ 

* 9.Hi 



Aoh 

c 
c 

G 

pG-C 
U-A 
C-G 
C-G 
C-G 
C-G 

A G a „. U UCCCC UMA 

C CA. C -GU A 
C-G 
6-C 
C-G 
C-G 
C C 

U 2m A 




(F) 



u 



Figure 2 



Cloverleaf model of the nucleotide sequence of glutamic acid W 

tRNA of E. coli Klg. Abbreviations: A, C, G, U: adenylic, Si 

cytidylic, quanylic and uridylic acids, respectively; A^' 'il 

2-ntethyladenylic acid; F, N, see text; |, pseudouridylic ' f| 
acid; T, ribothymidylic. acid . 



pyrimidine. In the pancreatic RNase digestion F p was not observed probably "£ 

due to masking by the overwhelming amount of other mononucleotides. 

The nucleoside F is very hydrophobic and moves almost with the solvent \ 

front in both an isopropanol-water-ammonia (70:20:10 V/V) and an isobutyric 
acid-water-ammonia (66:33:1, V/V) solvent system. After prolonged treatment 
in either solvent system the nucleoside remains fluorescent, but slight 
changes in the UV absorbtion spectra and apparent. We have not yet de- 
termined unambioguously the position of this fluorescent nucleoside in the 
anticodon loop. 

Also notable is the fact that this tKNA does not contain 7- 
methyl guano sine and dihydrouridine, two nucleosides found in all the nine 
short chained' (76-77 nucleotides long) E. coli tRNAs sequenced thus far, 
and the fact that the molecule is resistant to complete digestion by 
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2 g 0 300 
WAVE LENGTH 



^absorption spectra of F at neutral, acidic, and alkaline 



juence of glutamic acS 
A s C, G, U: adenyllclf 
3, respectively; A 2 ?^ 
t: . Dseudouridylicif 



was 



not observed probapil 



mononucleotides . ; <fj$* 
almost with the solvents 

10 V/V) and an isobutyr* 

After prolonged treatjragp 

■ .**•£ 

.uorescent, but slight^ 
. We have not yet de-;||K 
:e scent nucleoside in thfi|| 



not contain 7- 
es found in all the n^J|| 
RNAs sequenced thus ia ?;l| 
■mpl r "" 1 digestion by ^liM: 



||N aS e. This tRNA could not be fully digested with T x RNase even under 

|ondition S of high enzyme concentration or when supplemented with another 

|ua n ylohydrolase, Hj RNase. This resistance to T, RNase cannot be solely 

^scribed to the high number (16 of 20) of GC base pairs conferring a tight \ 

jtertiary structure on the molecule since Holley (5) completely digested 
ala 

StBtU of yeast containing 17 GC base pairs with comparative ease . Whether 
Jthe absence of 7-methylguanosine or dihydrouridine permits the molecule to 
"I 488 ""* aa UnU8U8ll y ri « id te "iary conformation remains to be determined, 
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Chemical Modification of the Fluorescent Base in 
Phenylalanine Transfer Ribonucleic Acid* 

Doju Yoshikamif and Elizabeth B. Kellert 



^1 



abstract: The tRNA Phe of wheat germ, tRNAf he , exhibits 
fluorescence in solution due to the presence of a fluorescent 
base, Y*, adjacent to the 3' end of the anticodon. When this 
tRNA was exposed to ammonium carbonate at pH 9, it was 
converted into tRNA Phfi which exhibits the same fluorescence 
but is chromatographically distinct from tRNA Phe . The con- 
version was due to the modification of Yj, to a new fluorescent 
base, Yl, which has a free acidic group (pK a = about 4) not 
present in Y l w . Thus at around neutrality tRNA™ 6 has an 
acidic group with a net negative charge on the base adjacent 
to the 3' end of the anticodon; in every other respect it is 
identical with tRNAf he . The specific modification had no effect 
upon the rate at which the tRNA was esterified by the Phe- 
tRNA synthetase, but it reduced the rate of poly(U)-directed 
polyphenylalanine synthesis. The free base Y^ can be further 



degraded by alkaline hydrolysis to Y'i and then to Yt with- 
out any change in the spectrum of the fluorescent chromo- 
phore. 

In the conversion of Y^ into Y* a blocking group is removed 
from an aliphatic amino group on a side chain. These results 
indicate that Y^ is similar to the Y base of yeast in having a 
blocked amino acid side chain on the characteristic Y base 
chromophore. This paper presents evidence that Y^ differs 
from the Y base of yeast in the structure of the distal portion 
of the side chain. The Y base of beef tRNA Phe is indistinguish- 
able from that of wheat germ. A simple procedure was found 
for purifying wheat germ and yeast tRNA Phe employing two 
benzoylated DEAE-cellulose columns, one run in the presence 
of unbuffered MgCl> and one in the presence of EDTA but. 
fered at pH 4.5. 1 



The 



^ he major phenylalanine tRNAs (tRNA Phe s) isolated so 
far from eukaryotic organisms have all been distinguished by 
the presence of an unusually hydrophobic and highly fluores- 
cent base, the Y-type base. A base of this type was first de- 
tected in the tRNA Phe of yeast by RajBhandary et al. (1967) 
and was called Y. It was found to be located contiguous with 
the 3' end of the anticodon. A related Y base was found in the 
same position in the structure of the tRNA Phe of wheat germ 



♦ From the Section of Biochemistry and Molecular Biology, Cornell 
University, Ithaca, New York 14850. Reached January 26, 1971. This 
work was supported by Public Health Service Research Grant No. 
GM 10791 and Training Grant No. GM 00824 from the National 
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appeared in preliminary form (Yoshikami and Keller, 1969). Taken in 
part from a dissertation submitted by D. Y. to Cornell University for 
the degree of Doctor of Philosophy. 

t Present address; Department of Neurobiology, Harvard University 
Medical School, Boston, Mass. 021 15. 
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by Dudock et at. (1969). A Y-type base is present, presumably 
in the same location, in the tRNA Phe s from rat liver (Fink 
et al., 1968), beef liver (Yoshikami et aL, 1968), and peas (G. 
A. Everett, personal communication). The Y base has not 
been detected in any other species of tRNA other than 
tRNA Phe (Yoshikami et aL, 1968). The Y base thus appears to 
have a role unique to the function of the tRNA pl,c s of eukary- 
otes, yet it is not an essential, feature of tRNA p,,e in general 
since it is not present in the tRNA p,,c of Escherichia coli (Bar- 
relland Sanger, 1969). 

Other tRNAs exhibit, in the same locus adjacent to the 3' 
end of the anticodon, a wide variety of hypermodified residues 
(Schweizer et aL, 1969) such as l-methylinosine (Holley et aL, 
1965), /V fl -isopentenyladenosine (Biemann et aL, 1966), 
isopentenyl-2-methylthioadenosine (Burrows et aL, 1968), and 
^-(purin-e-ylcarbamoyOthreonine ribonucleoside (Schweizer 
et aL, 1969), It has been found that most of the tRNAs which 
have an A its the 3' base of the anticodon possess a hyper- 




tions fo£th^ evidence for the nature of 

the mod^ of the effect of this modification 

upon thte;fiifict^ tRNA.- ?•' 



Materials 



Commercially processed- raw wheat germ (Triticum durum) 
was purchased' from Shiloh Farms, Sherman, N. Y., and was 
stored at 4° in plastic bags. Active tRNA, enzymes, and ribo- 
somes were obtained from this material even after storage for 
over 2 years. tRNA was obtained from the wheat germ by the 
procedure described by Dudock et al. (1969). Yeast tRNA 
was isolated from baker's yeast (Fleischmann, Saccharomyces 
cerevisiae) by the procedure of Holley (1964). Beef liver tRNA 
was prepared according to Brunngraber (1962). The proce- 
dures for preparing purified soluble enzymes from wheat germ, 
yeast, and beef liver and for preparing wheat germ ribosomes 
are given by Yoshikami (1970) and are only slightly modified 
from the procedures used by Leis and Keller (1971). 

DEAE-ceilulose, type No. 70, capacity 0.9 mequiv/g, was 
purchased from Carl Schleicher and Schuell Co., Keene, N. H. 
Benzoylated DEAE-cellulose (BD-cellulose), 1 prepared by 
the method of Gillam et al. (1967), was a gift from Dr. B. S. 
Dudock. Sephadex G-100 and G-25 were from Pharmacia 
Fine Chemicals, Inc., Piscataway, N. J. Cellulose thin-layer 
chromatographic plates (nonfluorescent) were purchased 
from Analtech, Inc., Wilmington, Del., and Brinkman Instru- 
ments, Westbury, N. Y. 

RNase T, (EC 2.7.7.26) prepared by Sankyo, Ltd., Tokyo, 
was purchased from Calbiochem, Los Angeles, Calif. [ 14 C]- 
Phenylalanine was obtained from Schwarz BioResearch, 
Inc., Orangeburg, N. Y. Poly(U) with a sedimentation coeffi- 
cient of 8.4 S or a number-average molecular weight of about 
500,000 (Moore, 1966) was purchased from Miles Chemical 
Co., Elkhart, Ind. 

Methods 

Ultraviolet Spectroscopic Analysis. RNA concentrations 
were measured by absorbance at 260 nm (/4 260 ) with a 1-cm 
light path in neutral solutions containing 10 mM MgCI 2 . 
Amounts of RNA are expressed in >J 260 units: 1 A UQ unit of 
RNA in 1 ml of solution gives an A 16 q reading of L For pure 
tRNA Phe , 1 A UQ unit was taken to be equal to 1.83 nmoles of 
tRNA Phe (Wimmer et a/., 1968). 

Fluorescence Assays. All fluorescence measurements were 
conducted at room temperature in an Aminco-Bowman spec- 
trophotofiuorimeter fitted with a xenon arc lamp and an RCA 
IP-21 photodetector. Standard quartz 1 X 1 cm path-length 
cuvets were used. Excitation at 310 nm was used for all mea- 



1 Abbreviations that are not listed in Biochemistry 5, 1445 (1966), are: 
Yw, Y y , and Yb. the fluorescent bases from wheat germ, yeast, and beef 
liver tRNA p,,0 s, respectively; BD-cellulose, benzoylated DEAE-cellulosc: 
>4t*o, absorbance at 260 nm with a cell path of I cm; /vhq,. fluorescence 
i"Jensityat440nn^ 




-AND KELLER^ 



gj^Sj* ?f^A ; M I 

^z^nn^lter; effects due to the 



spectraKes^ maximize sensi- 

tivity, ■ t^^^^^Si^S^ti: wer^. inserted behind the 
cuvet. The^uc^^c^i^sity reading obtained under these 
condition^a^ of 440 nm is called 

F ii0 . The F UQ lvalues: repbrted here were corrected for solvent 
blanks.^-; ^ ^^J^^Ur^^f-^ r - 

Column Chromatography v The procedures for chromatog- 
raphy oLtRNAs ;pn; BD-cellulose columns were adaptations 
of Gillam et a/;:.(1967)^01igonucleotides were fractionated on 
DEAEHcellulose cplumn^irivthe presence of 7 m urea (Tomlin- 
son and Tener, 1962), ;The columns (0.4 X 60 cm) were equil- 
ibrated with 7 m urea-20. mM Tris-HCl (pH 8 or 8.5). The 
sample and developing solutions were pumped through the 
column with a peristaltic pump at a rate of about 0.5 ml/min. 
The A 26 q of the effluent was monitored on a Gilford recorder 
Model 2000, Gilford Instrument Inc., Oberlin, Ohio. 

Cellulose Thin-Layer Chromatography. Chromatography 
was carried out at room temperature. Solvents used were 
as follows (all ratios are expressed in volumes): I, isopropyl 
alcohol-concentrated NH 4 OH-H 2 0 (7:1:2); II, isobutyric 
acid-concentrated NH<OH-H 2 0 (50:2:28); and III, 1- 
butanol-concentrated formic acid-H 2 0 (7:1 ;2). 

Electrophoresis. Flat-bed paper electrophoresis was carried 
out on Whatman No. 1 paper. Samples were wet spotted 
along with standards and subjected to a field of about 40 
V/cm for about 30 min at 15 to 20°. Final mobilities were 
calculated relative to the mobility of cytidine at pH 1-3 
after corrections for electroendosmosis. Solutions used were: 
distilled water adjusted to pH 1 with HC1; 10% acetic acid 
adjusted to pH 2 with formic acid; 0.5% NH 4 OH adjusted 
to pH 3 with formic acid; 0.4% NH 4 OH adjusted to pH 4 
with formic acid; 0.4% NH 4 OH adjusted to pH 5 with 
acetic acid; 0.5% acetic acid adjusted to pH 6 with pyridine; 
0.2% acetic acid adjusted to pH 6.5 with pyridine; 0.05 m 
NaHC0 3 , pH 8.5; 0.05 m Na 2 C0 3 adjusted to pH 10 with 
0.05 m NaHC0 3 ; and 0.05 m Na 2 C0 3l pH 11.1. 

Conversion of tRNA™' into tRNA™' by Treatment with 
Ammonium Carbonate. Each sample (less than 300 A U o 
units) of tRNAf he was dissolved in 1.5 mi of water. To this 
was added 1.5 ml of I m ammonium carbonate. The final 
pH was 9. About 20 m* of CHCU was added to the solution 
to prevent bacterial growth, and the mixture was incubated 
at 42° for the desired time. The reaction was terminated 
by precipitating the tRNA with 6 ml of absolute ethanol. 
The precipitate was dissolved in 3 ml of water, 0.5 ml of 
2 m NaCl was added, and the tRNA was precipitated with 
6 ml of absolute ethanol and desiccated. 

Excision of the Y Base. Thiebe and Zachau (1968) were the 
first to demonstrate the acid catalyzed excision of the Y base 
from yeast tRNA Phe . We used a procedure slightly difTerent 
from theirs. Dry tRNA lJ,,c or oligonucleotide containing 
the Y base was taken up either in water adjusted to pH 2.7 
with formic acid or HCI, or in 0.1 m ammonium formate 
(pH 2,7), and incubated in a sealed glass capillary tube at 
60° for 30-60 min. The hydrolysate was then spotted directly 
on a thin-layer plate for chromatography. 

Acceptor Assay for tRNA rfl \ The assay procedure is 
given by Yoshikami (1970) and is only slightly modified 
from the procedure used by Leis and Keller (1971). 

Poly(U)-DirectedPolyphenylakinine Synthesis. The standard 
1-ml reaction mixture consisted of the stated amount of 
fPMA ''" e m .■» rt^..u-i- /.a — --»■» - 
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figure 1 : BD-cellulose column chromatography of bulk wheat germ 
tRNA. Bulk wheat germ tRNA (about 300 mg, previously purified 
by gel filtration on a Sephadex G-100 column) was dissolved in 
30 ml of start solution and applied to a BD-cellulose column (1.23 x 
90 cm). The column was then eluted with a linear gradient from 0.3 
to 1.2 m NaCl containing 10 mM MgClj (1.2-1. total volume). Frac- 
tions*^ 5 ml were collected at a flow rate of 0.5 ml/min. 



of poly(U), 50 mM TrisHCl (pH 7.6), 84 mM KC1, 1 m M 
EDTA, 10 mM MgC! 2 , 0.6 mM GTP, 1 mM ATP, 5 mM phos- 
phoenolpyruvate, 7 A 2 so units of wheat germ ribosomes, 
and about 1.2 mg of wheat germ soluble fraction enzyme 
preparation. The mixture was incubated at 37° for the 
desired time. The reaction was terminated by raising the 
pH to 11-12 with 0.1 ml of 1 m NaOH, and the mixture was 
incubated at 37° for 15 min in order to hydrolyze all esterified 
tRNAs. The solution was neutralized with 0.1 ml of 1 m 
: HC1 and then 2.5 ml of 0.4% NaWO<-8% sodium trichloro- 
acetate (pH 1.7) was added to precipitate the polyphenyl- 
alanine. The precipitate was collected and rinsed on a Milli- 
pore filter and assayed for »<C as in the acceptor assay. 
All data were corrected for blank controls which were treated 
identically as above except no poly(U) was added. 

Results 

Fractionation of tRNA™ e s from Wheat Germ. Bulk tRNA 
from wheat germ was first fractionated on a BD-cellulose 
column (Gillam et al., 1967) using a linear gradient of NaCl 
concentration in the presence of 10 mM MgCi* (Figure 1). 
Good resolution was obtained by the use of a slow flow 
rate and a shallow gradient extending up to 1.2 m NaCl. 
The column fractions were assayed for fluorescence at 440 
nm upon excitation at 310 nm (F u0 ) as well as for phenyl- 
alanine-acceptor activity. As shown previously (Yoshikami 
et al., 1968), the F UQ pattern coincides almost exactly with 
the elution pattern of the tRNA PhL 's. The pattern in Figure 
1 shows a number of minor tRNA phL 's in addition to the 
major species, .tRNA p,,t: , which has its peak at tube 197. 
The small peak in tubes 145-165 is the tRNA 2 pt,c which 
was previously detected (Yoshikami et al., 1968) in vari- 
able amounts in different bulk wheat germ tRNA prepara- 
tions. 

A hitherto unreported peak, tRNA™ 0 , appears in variable 
amount on the leading edge of the major peak. tRNA 3 pl,c 
was found to be monomeric by gel filtration on Sephadex 
G-100. The fluorescent Y base obtained by mild acid hydrol- 
ysis of this tRNA waschromatographtcally identical with that 
from tRNA p,,c . tRNA Phft cochromatographs with tRNA Phc 
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figure 2: Chromatography of partially, purified tRNA on BD- 
;::;;ceUulpse at pH 4.5 in the presence of EDTA. Partially purified wheat 
• ^^ n 1 (864^„ 0 units, from chromatography as r m Figure 1 
: Qijbulk wheat germ soluble RNA not treated by gel filtration) was 
- .applied to a BD-cellulose column (1 X 90 cm) and eluted with a 
linear gradient from .0.8 to 2 m NaCl containing 1 mM EDTA and 
10 mM sodium acetate (pH 4.5) (800-ml total volume). Fractions of 
4 ml were collected at a flow rate of 1 ml/min. Each tube in the 
fraction collector contained 0.2 ml of 0.2 m MgCl t -l m Tris-HCl 
(pH 7.5) in order to raise the Mg 2+ concentration and the pH of the 
effluent as it emerged from the column. 



on BD-cellulose after it has been heated. It therefore appears 
to be a conformer of tRNAf he . 

Purification of tRNA P { hc from Wheat Germ. The major 
species, tRNA Phe , is obtained from the BD-cellulose column 
described above at a purity of about 30%. Chromatography 
of this material on a second BD-cellulose column, this time 
using a NaCl gradient containing EDTA at pH 4.5, yields 
tRNAf hc that is at least 85% pure as judged by acceptor 
activity (Figure 2). These two successive column fractiona- 
tions on BD-cellulose provide a rapid method for' obtaining 
highly purified wheat germ tRNA Phc . This procedure can 
also be used for obtaining purified rRNA Phe from yeast. 
A precaution must be observed in using a BD-cellulose 
column at pH 4.5 with tRNA Phc s which have a Y-type base. 
As shown by Thiebe and Zachau (1969), the Y base can be 
excised from the tRNA at low pH. We have noted a very slow 
excision of Y during chromatography at pH 4.5 at room 
temperature. To minimize this, a relatively fast flow rate was 
maintained, and aliquots of Tris buffer at pH 7.5 were placed in 
the receiving tubes to raise the pH of the effluent (see Figure 2)" 

Nature of tRNA™' from Wheat Germ. This tRNA has the 
same fluorescence emission spectrum as tRNA Phe (Yoshikami 
et al., 1968) showing that a Y-type is present. The amount 
of tRNA Phc was variable in different preparations of bulk 
tRNA suggesting that it was derived from tRNA Phe during 
the isolation of the bulk tRNA. tRNAr he was not simply 
a conformer of tRNAf 1,c since it was not converted to the 
latter on heating in solution at 80°. Since tRNA Ph0 had a 
lower affinity for BD-cellulose than tRNA Phc , and since 
the Y base is responsible, for the high affinity of tRNA Phe 
for this resin (cf. Thiebe and Zachau, 1969), it was suspected 
that tRNA 2 l,c had been formed by a chemical modification 
of the Y base. 

To test this hypothesis, the Y base from each of the two 
tRNA Phe s was excised by mild acid treatment (Thiebe and 
Zachau, 1969) and the chromatographic and electrophoretic 
mobilities of the two bases were compared. The Y base 
excised from tRNA. Phc was found to differ from the base 
excised from tRNA Phc . The former will therefore be designated 
Y* and the latter Y^. In cellulose thin-layer chromatog- 
raphy using organic solvent mixtures, Y'i has a lower R f than 
Y l w (Table I). 
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figure 3: Electrophoretic titration of Yl and Y* w . Y l w aad Yi were 
obtained by mild acid hydrolysis of wheat germ tRNAf 1 * and 
tRNAf', respectively, and subsequent thin-layer chromatography 
in solvent II. Electrophoresis was performed at the various pH's as 
detailed in Methods. 



More information about the difference between Yl and 
Yl was obtained by measuring the electrophoretic mobilities 
of the two over a wide range of pH values (Figure 3). The 
electrophoretic titration curves of the two bases are quite 
different. By comparison to standards, Yj, appears to have a 
single protonatable group with a pK h of about 3.3 and a weak 
f-x-:;:: acid group with a ptf a near 9. The curve for Y l w is similar 
to that of guanosine except that the first p# a of Y l w is higher. 
A comparison of the curve for Y 2 to that of Y^ shows 
that the latter has an additional titratable group with pK* = 
about 4 so that in the neutral pH range (5-7.5) it has a net 
negative charge. (Y J, has a zero charge in the neutral region.) 
The results suggest that Y 2 has a free carboxyl group on a 
side chain on the fluorescent chromophore. The net negative 
charge on Y 2 W at neutral pH could contribute to the decreased 
hydrophobicity exhibited by tRNA™ 6 on BD-cellulose 
columns. 

The variable conversion of Yj, into Y 2 V occurred pre- 
sumably at some stage during the isolation of the bulk 
tRNA, possibly during DEAE-cellulose chromatography. 
The condition of this chromatography may have been inad- 
vertently too alkaline in some cases. RajBhandary et al 
(1968) and Katz and Dudock (1969) had found that the Y 
base in oligonucleotides was labile in ammoniacal solvents. 
An experiment was therefore performed to see if the . free 
base Yj, could be converted to Y 2 under mild alkaline 
conditions. It was found that some conversion did occur 
when Y^ was incubated in 5 n NH 4 OH (pH = about 12) 
for 12 hr at room temperature. It seems probable that Yj, 
has an ester group which is hydrolyzed by mild alkaline 
conditions to yield the free carboxyl group in Y 2 . 

No large molecular weight change is evident in the conver- 
sion of Yl to Y 2 since the electrophoretic mobilities of 
the two bases are essentially the same at pH 1 where they are 
both fully protonated (Figure 3). Thus the base-catalyzed 
conversion could open a lactone ring or release a low molec- 
ular weight alcohol. 

Conversion of tRNA F x hc into tRNA? ic . If these two RNAs 
differ from each nther 
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a Cellulose thin-layer chromatography. b p is the electro- 
phoretic mobility taking the mobility of cytidine at pH 1.0, 
where it has a net charge of +1, as +1.0. < Interpolated 
values from Figure 9. 



useful in studying the effect of a specific modification in the 
hyperon on the function of a tRNA. Conditions were there- 
fore sought to convert Yl to Y 2 in situ in the tRNA by 
base catalysis where no other changes would occur in the 
tRNA. There are three other modified residues in tRNA r ' hc 
which are alkali labile, 7-methytguanosine, 1-methyladeno- 
sine, and dihydrouridine. Basic conditions can cause the 
opening of the imidazole ring of the 7-methylguanosine 
(Lawley and Brookes, 1963), a rearrangement of 1 -methyl- 
adenosine to A^-methyladenosine (Brookes and Lawley, 
1960; Macon and Wolfenden,. 1968), and a ring opening of 
dihydrouridine (Green and Cohen, 1957). In each reaction, 
as is the case for base-catalyzed modification of Y^, the 
product has a different charge from the parent compound 
at neutral pH. These residues appear in different oligonucleo-;- 
tides when the tRNA is digested by RNase T t . Thus the extent 
of conversion of each base can be determined by examining 
the RNase Ti digest products which have been fractionated 
on a DEAE-cellulose column in 7 m urea. 

It was found that specific modification of the Y base 
in situ could be brought about by treating the tRNA|* hc 
with 0.5 m ammonium carbonate (pH 9) at 42° for 12 hr. 
The conversion to tRNA™* under these conditions was 
about 50 %, as is shown in Figure 4. 

In order to establish that the sole difference between 
these two tRNAs resides in the Y base, an RNase T, hyclroly- 
sate of each of the tRNAs isolated from the column in Figure 
4 was fractionated on a DEAE-cellulose column in the 
presence of 7 m urea (Figure 5). The elution pattern of the 
digest of the tRNAf' 10 recovered after the ammonium car- 
bonate treatment (Figure 5A) is virtually identical with that 
of untreated tRNA[ hc (Katz and Dudock, 1969). The fluores- 
cence at 440 nm indicates the presence of the Y base in the 
dodecanucleotide peak 17. The elution pattern of the digest 
of the tRNA.J hc (Figure 5B) is identical with that of tRNA 1 ,' 11 " 
with the sole exception that the fluorescent dodecanucleotide 
is shifted to peak 18. Katz and Dudock (1969) had previously 
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figure 4: BD-cellulose column chromatography of ammonium 
carbonate treated wheat germ tRNAf 1 ". tRNAf he (98 A m units 
85% pure) from fractions 120-145 in Figure 2 was treated with am- 
monium carbonate (pH 9) for 12 hr (see Methods) and applied in 
3 ml of start solution to a BD-cellulose column (0.5 X 108 cm) 
The column was then eluted with a 500-ml linear gradient from 0 5 
to 2.0 m NaCI containing 10 mM MgCI 2 (500-ml total volume) 
hractions of 3 ml were collected at a flow rate of 0.6 ml/min 



differed from peak 17 only in the fluorescent residue. The 
Y base excised from peak 18 was found to be Y*. The later 
.elution of the dodecanucleotide presumably reflects, in part 
the negative charge on Y^ There was no detectable destruction 
of dihydrouridine or 7-methylguanosine by the alkaline 
treatment since there was no perturbation of peaks 8 or 10b, 
he oligonucleotides containing these residues. 

The DEAE-cellulose columns in Figure 5 were run at pH 
8.5. At this pH there is no charge difference between 1 -methyl- - 
adenosine and // 6 -methyladenosine ( so it was necessary to 
repeat the chromatographic analysis at pH 8. When this was 
done, peak 15 was resolved into 15a and b (Katz and Dudock, 
1969). Peak 15a contains the oligonucleotide with i-methyl- 
adenosine. It could then be estimated that less than 10% of 
the 1-methyladenosine in the tRNA Phe had been converted 
nto A^-methyladenosine by the ammonium carbonate treat- 
ment. The analysis at pH 8 was also repeated on tRNA Phe 
treated with ammonium carbonate for 50 hr. Under this 
condition a significant amount of modification of 1-methyl- 
adenosine and 7-methylguanosine could be detected in addi- 
tion to some hydrolysis of phosphodiester linkages. 

Functional Activity of tRNA?" from Wheat Germ The 
Phenylalanine-acceptor activity of tRNA 2 Phe was demonstrated 
•vhen it was first detected (Yoshikami et < 1968). To see what 
effect the conversion of Y^ into Y 2 W has on the interaction of 
the tRNA with us synthetase, a study was made of the rate of 



aminoacylation of the two tRNA Phe s (Figure 6). No detectable 
difference in rate was found. In line with this, Igo-Kemenes 
and Zachau (1969) have been able to reduce the Y base of 
yeast tRNA e with NaBH, with no observable change either 
'* the K m for the tRNA or the V w of the charging reaction. 

It seemed possible that a modification of the base adjacent 
to the anticodon could influence the interaction of the tRNA 
vith its codon on the ribosome in the course of the transfer 
S Accordingly a comparison of the transfer function of 
KNA s 1 and 2 was made. The two tRNAs were tested for 
their ability to catalyze the poly(U>dependent synthesis of 
PQlyphenylalanine with ribosomes and crude enzvmes from 
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^S-S r °^" phy 0f RNase T ' di 8«ts of wheat germ 
tRNA, ...and tRNA^ on DEAE-cellulose. (A) tRNA? 5 ffl 

mTtRNA-nS' trCa -f d) I™"!* ,he SCCOnd peak in Fi * ure «• and 
• ^"?. un,ts ' AmjCO, treated) from the first peak in 
Figure 4 were each dtgested with 500 units of RNase T, in 0 6 ml of 
P" 7 - 7 .) f ° r 3 ^ at 37-. Each digest was then made 
7 m m urea, applied to a DEAE-cellulose column (0.4 X 60 cm) 
JS* il"^ S radient from 0 to 0.3 m Nad containing 20 

t , i i (P ^. 8 - 5) 3nd 7 M urea (60 °- ml total volume )- factions 
of 1.3 ml were collected at a flow rate of 0.4 ml/min. The peaks are 
numbered according to Katzand Dudock, 1969. 



wheat germ (Figure 7). Under the conditions of the assay, the 
rate of polymerization was linearly dependent upon the con- 
centrate of added tRNA pllc . The optimum pH, temperature, 
and MgClj concentration for this reaction was found to be the 

K am ol? r Ph« th tRNAPhCs - Th <= ^te of polymerization catalyzed 
by tRNA 2 was found to be about 70% of that by tRNAf he 
This difference in activity was maintained at Mg' + concentra- 
tions from 8 to 15 m M , at pH 6-8.5 and at temperatures from 
20 to 45°. Thus, the presence of a free-acid group with a nega- 
tive charge in the hyperon does not abolish the capacity of the 
tRNA to participate in the transfer reaction, but it does mea- 
surably slow the rate at which it functions. 

Other Alkaline Degradation Products from Y l „. Y*„ may be 
hydrolyzed under alkaline conditions to at least two other 
forms, Y w and Yt, in addition to Y* (Figure 8). All these 
forms are readily separated by thin-layer chromatography 
(Table I). On extended hydrolysis, The Y; first formed is con- 
verted to Y w , and finally the latter is converted into Y 4 „. All- 
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figure 6: Rate of aminoacylation of tRNA | M " and tRNAl' U ' 
The tRNAs (85% pure, Am : CO a treated from Figure 4) were com- 
pared in the acceptor assay (see Methods). Each assay contained 34 
pg of wheat germ soluble fraction enzyme preparation in a volume 
of 0.2 ml. (A) tRNA! (Am.CO,), 25 pmole/assay; (O) tRNAi'"" 




TIME OF INCUBATION ( MIN ) 

figure 7:. Rate of polyphenylalanine synthesis catalyzed by 
tRNAi«« and tRNA 2 Ph€ . The two treated" tRNAf* (Figure 4) were 
compared to untreated tRNAf h * (Figure 2) in the wheat germ sys- 
tem for polyphenylalanine synthesis described in Methods. Each 
tube contained 90 pmoles of tRNA phe as determined by acceptor 
assay. 



three alkaline degradation products fluoresce and have ultra- 
violet absorption spectra similar to that of (cf Katz and 
Dudock, 1968). From this it can be inferred that this alkaline 
hydrolysis has acted on the structure of side chains and not on 
the fluorescent chromophore of the.Y base itself. When the 
products from an even more extensive alkaline hydrolysis are 
chromatographed, a number of new ultraviolet-absorbing 
compounds can be detected. These have different absorption 
spectra and have lost the characteristic fluorescence of the Y 
type base. v \ 

The electrophoretic mobility of Y^ over a wide pH range is 
similar to that of Y^ (Figure 9). There is no detectable molec- 
ular weight change in the conversion of Y£ into Yi, and the 
hydrolysis or rearrangement does not yield any new titratable 
group. There is, however, a change in chromatographic prop- 
erties (Table I). 

The conversion of Y 3 W into Y* w results in a marked difference 
in the electrophoretic titration curve (Figure 9). The alkaline 
hydrolysis of Yl to Y 4 W has released a basic amino group with 
a pKt near 9 not present in the other forms of the Y base. This 
amino group could be blocked by formaldehyde; when 4% 
formaldehyde was present in the electrophoresis buffer the 
mobility of Y A W at pH 8.5 was increased to -0.5. The negative 
charge indicates that the carboxyl group present in Y'i is still 
present in Y 4 W . The mobilities of Y^, Y* , and Y 3 W were not 
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C ^ E fb( 8: D Degradation scheme of the Y base of wheat germ 
V. ' Reactl0n conditions were as follows: • 0.5 m ammonium 
carbonate (pH 9), 42°, 12 hr; 6 5 m NhUOH, 23° 12 hr; «0.l m am- 
momum formate (pH 3.0) or dilute HC1 (pH 3), 60°, 30 min; ' 0 1 
m HCI, 100°. 30 min; * 0.5 m KOH, 60°. 30 min: / o S m KOW 
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figure 9: Electrophoretic titration of Yi and Y* w . These bases were 
obtained by KOH hydrolysis of Yi (see Figure 8) and subsequent 
thin-layer chromatography in absolute methanol and then in sol- 
vents I and II. Electrophoresis was performed as in Methods. 



affected by formaldehyde at pH 8.5. In the absence of form- 
aldehyde, Y* has a zero mobility at pH's 5-7 where it is a 
zwitterion. The high mobility of Yt at pH 1 indicates that it 
has two positive charges at this pH; one of these charges can 
be accounted for by the weakly basic group (piT a = near 3) 
present also in the other forms of the Y base, the other by the 
strongly basic group released by hydrolysis. Since the spectrum 
of the fluorescent chromophore of Y^ is. unchanged, the latter 
group must be on a side chain. 

Y Base in tRNA pht from Beef Lioer. When bulk beef liver 
tRNA is analyzed on a BD-cellulose column as in Figure 1, 
the pattern of phenylalanine-acceptor activity and F A ,o is 
almost identical with that for wheat germ (cf YoshikaraL. 
et aL, 1968). There is a shoulder of tRNA 3 Phe on the leading" 
edge of the major tRNAf he peak, and this is preceded by a 
small peak of tRNA 2 Phe . The Y bases excised from these 
tRNAs, Yj and YJ;, appear to be identical with those from the 
corresponding tRNAs of wheat germ since their respective 
spectroscopic, chromatographic, and electrophoretic . prop- 
erties are all identical (Table I). When tRNA Phe from beef 
liver (Figure 10A) was incubated in 0.5 m ammonium car- 
bonate (pH 9) for 20 hr at 42° and rechromatographed, about 
75% conversion of Y^ into Y£ in situ was obtained (Figure 
10B). This is about the same amount of conversion that is 
found with wheat germ tRNA Phe under the same conditions. 

Y Base in (RMA Phe from Yeast. When bulk yeast tRNA is 
analyzed on a BD-cellulose column as in Figure I, the pattern 
of phenylalanine acceptor activity and F u0 which is obtained 
differs from that of wheat germ. In no instance has a peak 
corresponding to wheat germ tRNA Phe been observed. In- 
stead, there is a shoulder of F u0 and phenylalanine acceptor 
activity following the major tRNA p,te which, like tRNA Phc 
from wheat, may represent a stable conformer of tRNA Phe . 
There is a tRNA Phc peak in some preparations, but it is 
usually quite small. When partially purified tRNA 1 ,' 1 " 5 (Figure 
1 1 A) was incubated with 0.5 m ammonium rarhonat^ f^u o\ 
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Discussion 

-IhetSn ofXe°„?!^r m0dified ^ 
tRNA^s which have thp fl We Ch ° Se t0 stud V *e 

We were M^t^*!^^^™*** 
base which retain Pr ° dUC ' S ° f the wheat Y 

— r C th 0 e f a - « 

on any other pa ^ n ' Sna^" ^ " 0 effeCt 
a tRNA Ph « specifical Iv 2 ., ' W3$ U$ed t0 * enera te 

The acceptor activity of wheat germ tRNA^ 1 

. ,et °thatofthenaturallyoccurrinTS^ "T" 
" a nd, tRNA P "« was le« J occurr,n 8 «RNA, e . On the other 
iu . - as ,ess emctent than tRNA plie 
th c po ymerization nf „i,«. , , A| 10 su PPort ng 

tR N A Pl ' e ratli ^ J phen y lala ^ coded for by polyrtn 
C3talyZed this ™<*°n ■« 70% the rate o/tRNA^.' 



Thus although the modification of the tRNA Phe ^ 
affect the acceptor activity of the tRNA i n • T n ° l 
alter its efficiency in the tLZr ' 1 does S1 8"'ficantly 

with poiy (U rFu th I anT reaC , t,0n Whe " tCSted «*« 
mine the ^ efficient * th P ? ? ' * to deter " 

mRNA and whether hi !f " reaCti ° n with a natural 
translation. "Odihcauon affects the fidel ity of 

optimum functioning of the tRMA ,u nec ^ary for 
but that modification of h s l« * d " f « r 
acceptor activity (Fitt.er a d Ha j ,966 Th h"^ 

the fluorescent chromoph ore T bears an t an V '^f 1 " 2 
chain. The amino group is blo cked Zi > T a k W d L Side 
moiety, and the carhoxvi 0 r 3 carb °methoxy 

The carboxy, g oup ^ Sd "'th' 3 " 3 met , hyl e ^ er - 

j 5iwup icieasea in the conversion ft r v 1 • * \,2 
is undoubtedly th* i atto , i t LUUVersi on 01 y m to Yi 

^■wtSZ^'S?. 7 * release °^ 

in forming Yi indicates IV u f£e am,no 8'oup 

blocked a^mmo aS L ^h ' ^ eat Y baSe haS 3 
There 1,7 ,7 ai " S ' m,lar t0 that °Oast Y 

^."nd^SnSrT' b ° th in Chr °-^ ap hic 

prebent in the proposed structure nfv" « . , . 

of Y 1 fV u , 'ow-resolut.on mass spectral analvs,\ 

2^1^ « J^td 

« (1970) The lue au hV ^ ° f ^ by Nak ^ 
represented "|2 ^ fl 0 e cen t cT ^ ' ha ' theSe lW ° " eaks 
carbons of t h^ ,S r ?"*! with a " d two 



mass spectral P^p||j^ 
the various. Y bas^af^en 
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On the Conformation of Lysozyme and 
a-Lactalbumin in Solution* 

Eugene K. Achterf and Ian D. A. Swan 



abstract: Lysozyme and a-lactalbumin have highly homol- 
ogous pnmary sequences but different biological functions. 
W R. Kngbaum and F. R. Kugler (1970, Biochemistry 9, 
1216) have recently reported small-angle X-ray-scattering 
s ud.es from both proteins in aqueous solution, and conclud 
hat lysozyme and a-lactalbumin have quite different con- 
formations in solution. They also present evidence for the 
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hv/r°K ymeS CaU u Se Cdl WaU lysis of gram-positive bacteria 
by b mechanism whtch is now fairly well understood (Phillips 
«). while «-IactaIbumin has been implicated in the lactose 
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presence of a-lactalbumin dimer in solution. We demonstrate 1 
that all of the observed differences in small-angle X-ray scat- * 
■ tenng from a-lactalbumin and lysozyme in solution can be J 
rigorously accounted for by such dimerization. Thus th e 3 
experiments of Krigbaum and Kugler strongly suggest that * 
these two proteins have, quite similar conformations in solu- 
tion, j 



1 

synthetase system (Ebner et at., 1966). The primary sequences! 
of hen egg while lysozyme and bovine a-lactalbumin have^ 
been shown to be strikingly similar, with regard to both residue! 
identity (49 residues out of 123-129) and the positions of thel 
disulf.de bridges (Brew et al, 1967, 1970). This homology is! 
somewhat surprising in view of the differences in function,! > 
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RUDKIN et al j 
High resolution detection of 
DNA-RNA hybrids in situ 
by indirect immunofluorescence 

Wi ; describe here a new method lor ihc detection of RNA -DNA 
hybr.ds in ecological preparations wiih which we have revealed 
V the locations of hybrid molecules on Mytcne chromosomes. 

^ „ I iTx ' C , r , C !f nl B an anli *™ni raised in rabbits against 
p.ly(rA)-poly(dT) completed with methylated bovine sm.m 
albumin, originally described by Stollar'. The specificity and 
resolving power ol .he indirect immunolluorescence procedure 
are demonstrated using /,, ,//„ hybridisation of 5S rRNA 
(r.bosomal RNA) u, polyene chromosomes of l)r„,o f ,l,ila 
i,n-la m , X usirr as a model system. The method has sienilican. 
advantages over the autoradiographic procedures' » used so far 
,AMW PWO:d Z for reusing the in .si,,, hybrids follows 
f T " 1' COn$ls,s ° r «P«S'""S ihc cytological prepara- 
tion to the rabbu anti-hybrid antiserum, then to anti-rabbit IgG 
prepared m goal and lagged with rhodamine. followed by 
examination in a fluorescence microscope (see legend to Fig. I) 
A Our test objects were polytene chromosomes or Drosuphila 
U,u'la,,o}!axn>r (giant phenotype) to which 5S rRNA had been 

■ / Z I , ' V T" (S " lc8entl 10 Fi «- 1 '• Thc B'™ds from a 
/ single larva either were used as duplicate samples or one gland 
I served as a -control" lor the other. The preparations were no, 
Xdir dried a; any t,me during the procedures. Test slides which 
were air dried al some stage before the immunological reactions 
were inferior to their controls either in the morpholoev of the 
chromosomes the background lluorcsccnce levels. Vhc uni- 
formity of the fluorescence staining or a combination of defects 
In „,„ hybridisation followed, in general, the recipe of I'ardu'e 
and Gall; with modification by Alon,,, c, al.' (see le«end to 

« '» m I TT" W;LS Cl,l ' C ' ivX ' Wilh 10 »'» »'"' wil "~ «-2 ,.g 
5i> rRNA per slide. It ,s likely thai much smaller amounts could 

aPPl ' Cd in u sn,allcr vol,,n * 'rwhaps. for longer 
The specificity of the immunological reagents in the cvto- 

nrn^ r C "° n '^[""T^ h - v confinement ofchromo- 
soma fluorescent label to the 561- region when 5S RNA is 
included in the in sin, hybridisation medium (Fig. I , and bv the 
absence ol chromosomal fluorescence when 5S rRNA is om'i.ied 

vb id anH T U * b,: ' L ' k '' R,r,ha ' CVillaKC ,hl " ,hB llnli - 
hybrid antibodies are responsible for the chromosomal site of 

he positive fluorescence reaction is provided bv the absence of 

- Iluorescence ,n chromosomes to which 5S RNA had been 

h br,j, s . d bu| whit .„ \yi;re treated with antiserum absorbed 

Z JtnTt yUlT ',' 5 M f ? ,| > l ' A '-n»i>«T) per M , serum 
or ,4h u 4 t.centnlugcd lor lOmin at 6.000;-). Thus the 

vXr'h* T M " nl > ° NA RNA hvhrids 

The specificity was demonstrated further hv analvscs of the 
.mmuno ugtcal properties of the antiserum. As' dLrib d 
previously, several-housand-fold dilutions of serum reac ed n 

o2^\ TT ayS; ' yS wi,h P-'yi'AI-polytdT,. poly,!,! 
polyfdC or hybrids ol natural RNA and DNA (ref I, A I JO ' 

or DNA or w„h double-stranded RNA or native DNA When 
serum was assayed undiluted in counterimnumoelectrophore-sis. 

I k n. ' T a ' mS WCre Bli, " ina,ed "hen the serum 

D^a^T . ""^J'J^'X'-A' Sepharosc aflini.y column 

ser,m, i I ^ by ' 0OI,Um r ' ' Ki 8- w »h absorbed 
^run.. w| llch gave the same immunolluorescence as unabsorbed 
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serum. iA'>id was the 'only reactive poK nucleotide cia's 
even in ass.. ith undiluted serum. 

There is a variable amount of Iluorescence in cytoplasm 
components, the origin of which is not vet known. E.xperimen 
projected to attempt to block it while leaving the ae.ivii 
fainst hybrid nucleic acids intact. Occasional pale- fluorescein 
■ kVk , a u Ude0li ' S a,,ribule <l io contamination of tl 
iirRNA probe with fragments of I SS and 2SS nucleolar rRNV 





I 5S rRNA genes revealed in poKiene chromosome 2R o\ 
*f rtt M'nfofo mvltmujgxmvr by indirect inmuinoiluorescencc ileiec- 
lion of R NA-DNA hybrids formed in situ. The two homologous 
■ ^hroniosomes are not paired escept in their most d*isi;il 
poriions The 5S genes (5hF on Bridees' standard ma P l are in the 
unpaired portions, those derived from one parent to the rieht 
the other parent to the left. In each homoU-eue at leaM tu..' 
Muorescent cnt>.s-bands are \isihlc. Arrow n indicate the >M 
regions in the upper photograph of the same chivnv. monies taken 
alter staining with accio-orcein. A salnarv eland IVoni a IvilK 
grtmn !ar\a til D. mchwovtixtrr (giant phcn.»i M vi w;h lived in 
W „ (a-'v) aqueous acetic acid and squared under a silieuneil 
cover glass, then the slide uas IVo/en on M.l.d CO.. -\l*icr flap- 
ping oil the cover slip, the slide was poM-lucd m'.«: I cthanol 
acetic acid (viv). rinsed tuicc in l >5",. ;ii|ueoti^ eihanol (\ x j and • 
Miwvd in 05".. etham»l until u^d. SuKeinK-iii tivai.nents vxc- 
carried out in a motsl chamber con»st:ne ol' a 'HJ-mm squaie 
cufture dish containing a lew leaves of bibulous (or tiller) paper 
saturated with the solvent and two plastic strips io raise the 
s ides above the wet paper. The reagent was placed between the 
slide and a cover slip. For h> bridisation in situ, slides were Dim 
treated with pancreatic ribonueiease. lOOugm! 1 ol"2 SSC'iSSf 
is 0.15 M NaCI and 0.015 M sodium curate) for 2 h at ^ C then 
with rormamide in 0.1 SSC for : h at h5 C followed 
. ice cold 0.1 ■ SSC rinses. The hybridisation reaction was carried 
out for :2 24h at .17 C in 50",, rormamide in 4 SSC usinvi 
either 1.0 or 0.2 M g 5S RNA per slide hiehlv purified 5S rRNA. 
extracted Irom D. mchmuytisicr Oregon R einbrvos". After the 
annealing reaction, the slides were treated with pancreatic 
ribonucleic (15 yg ml ' I in 2 SSC for 2 h at 25 C. rinsed with 
phosphate-bullered saline ll'HS. 0.14 M N;i('l. 0.01 M phos- 
phate. /'H 7.2i and e\po>ed for 2h at room temperature' 
( 21 2} Inn rabbit anti-ON A R NA h> brid serum reconstituted 
Irom a hophilised state b> solution in water and diluted Um 
use in PBS (1:20 for Fig. I). After thorough rinsing in PHS. 
the slides were rinallv exposed to a rhodamine-labclled goat lgC< 
tractivm of anti-rabbit- IgG I Miles- Veda ) reeonstiuned io~appro\i. . 
mately its ^original conccntraliim. then diluted in PHS for use 
( I : 20 lor Fig. I ). The photographs were taken with a microscope ■ 
equipped with a Zeiss epi-illumination Iluorescence module using 
a 546-nm excitation filler, a 5ti0-nm chromatic splitter and a 
5N0-nm barrier filter for rhodamine Iluorescence on 3>-mm 
F.astman Tri \ Pan rihn exposed at ASA I ti)i) ( Diatine deveiopei i 
at magnifications of approximately 150 ( 40 objective) oi 
■ .170 ( - 100 oil immersion objective). Fluorescence exposure* 
were in the range of I Ss and phase contrast illumination was 
adjusted to require approximate!) the same exposure time so 
that a single frame could be exposed in both modes simultan- 
eously (not shown here). In M>me instances, slides Were stained 
with aceto-orccin after -Iluorescence photograph) had been, 
completed, then photographed through a No. .*X hller (green* 
on Ptus-X-Pan film at ASA 400. Approx. 1.000. ' 
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Fig. 2 5S i-RNA ycc, revealed in /). m,l„,i,-v„Mer miKicnc 
vh ronioso.no 2K : ,» ,„ ,hc legend ■,. fig. I. The chron, osomos 
an unpaired in a »,.i S lc nucleus. The upper chromosome h. and A, 
s .issoualcd iwih i Ik nucleolus nun ai ihe li.cu> of the sSuciks 
lUioreseem in .„). I ho In.mok^msdinmwN.mc (■• and I/Vis „,.. 
v.Mh v associated w.il, , |,c iiudclus; iis 5S locus, unhealed hi 

. '" " '■ lcs - llis|,cr ^' !lla " luniiol,. C uc 

(«l.i/»iiml./i Photomicrographs oI .Ik same liclds as in (./landi, i 
respectnoli. alter sunning mth accto-orcein. ■ ft.V). 



hi., ihc possihiliu that 5S ON A icmplaics occur in nucleoli 
cannot-be cscludcd. 

The spuiial resolving power of ihc imnumolluoresccnt probe 
is equal ui thai of t lie optical system used to observe ii Auto- 
radiographs can a, besi reveal a cluster of silver mains adiacen. 
lo. or covering, a labelled region which results in a rcsolvim- 

P.'«er ol .he order of I .1 „,„. So la, .he prec.se localisa ,f 

i lie 5i> genes vmhin .he 561 I' region has been equivocal for 
I). me ampler using autoradiography The inumes «v oblain 
are ol two kinds. In some nuclei, .he fluorescence*, is restricted 
I «••'>• "arrow transverse -hanif which is often clearlv 

P* U|1 01 ,u ° xubuniis and is localised in the 56H re-ion 
• S ' :ll '° 1,10 l ,ul1 " Sll;lll > Present in 5M-! (i;i g . | ,. The possihiliiv 
thai ihc two suhunits reflect the organisation of the iS locus 

r"nl ,' h ? NCP:,r:,NC S ° 1S ,,r IC,K:,lcJ "recen.lv 
reported by I'rocun.cr and TanoP* is under invcs.iua.ion On 
ihc other hand, the 5S region chromosome 2R "sometimes 
Slicks to the nucleolus as in Fig. 2 (ref. 9| or is cetopicallv paired 




-CIS' ^ ttTi" ? ™ ; n '•' > & «. ; 

ins mi. i. /HI S I. 11k polv nuclei miles were. from lefi i.. ri..lu- 
M> rAt: dena.ured l).\A: polv.rAi pol d T. K j > 
M>< Il-IH-IMC-,; ami pobid U l lw yel me' Ihm I K , ' K 
(l)iko punned auari in iimnnm butler; 7 ml of uel «■■'!•,,"„' ; . 
on each 2 incn ^ pl;iK , ^n^l lr^T^. 
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lo other chromosome regions. In I hose cases ihe lluorcscene.. 
•«»»• he d„„hu,ed in a network of librils e .end S ' 

WlK„ ilu. ,s .rue. the ,norpholo,y in phase contrast and /or 
"I er pos.-s.ainmy with aceto-orcein is atypical i h t 
s^ecions )fil : and .-• cannot be c.ear.y de.narca "d , d 
r , on does no. appear to | v organised into dislinc band 
•Such d.spcrs.on ol the in si,,, hy brids into fibrils is consiT. . 
- Kb he sugeesnon of S.eMcnsen and Wimbcr- thai ,h W 
may have been active in .hose chromosomes-. Bui he p0S s 

m U ola, R N A Iragments that could reveal nucleolar rDNA 
adhenng .0 chromosome 2 has not been entirely excluded 
The sensitivity of the icehn.\,ue has not yet been fully 

cTunr uul ' H""' 1 dill, , ,il,,1S l "* ' : 40 f ° r " le ""«i-Hybrid rabbit 
r,Z 1 I ^ UKuim \ «--»»«nira.ion for .he fluorescent 
hk.h h ""^'^ '".ensiiy in , hc 5S region was very 
gh I holographic nnages should still be easily recordable at 
br. t h nesses one to [wo orders of magniiude lower Thus the 
possibility to detect the hybridisation of RNA copies 0 r a 
unique gene in a polviene chromosome appears .0 he real. On 
ne Other hand, genes present in a size and multiplicity equiva- 
lent 10 the 5S ol D. mclanuxusnr may be detectable in uninemic 
chromosomes. An attempt is in progress lo detect Ihe 5S locus 
m human chromosomes ai the pachytene stage of meiosis 

Ihe technique is being used to study the distribution or 
naturally occurring chromosomal RNA delected as hybrid 
molecules. Poly.ene chromosomes mourned out of 50" ' acetic 
acid display a pattern of fluorescent regions when treated only 
with the immunological reagents, The regions do not fluoresce 
. ll.e aun-ln hr.d scrum is blocked will, polvlrAj-polyUIT) or if 
' c m " n oson.es are treated to remove indigenous chromo- 
somal RNA (as in preparation for i„ sin, hvbridisation) 
indicating that they are sites of hybrid molecules. Since the 
locations ol the sues change during larval and prcpupal develop- 
ment, the.r RNA moiely could he involved will, the control of 
iranscripnon or of replication or both. 

We thank Dr L. Cohen for bringing us together Dr K D 
Tariol lor highly purilied i). ni,-lt,m, VM irr 5S RNA Dr C R 
Allageme for rhodamine-lagged goal anli-rabbil IgG and' for 
He use ol a Zeiss epi-illuminamr fluorescence attachment all 
inrec colleagues for useful discussions and lechnieal advice and 
Miss D. J. Hazier for technical assistance. This work was 
supported m pan by grants from the NSF and NIH and by 
an appropriauon from the Commonwealth of Pennsylvania 
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) INTRODUCTION OF A FLUORESCENT LABEL AT THE 3 '-OH END OF DNA AND 
THE 3' -OH END OF THE GROWING RNA . CHAIN 
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Fluorescent-labeled 3'(2'1-(l. 3 nvi 'j ■> ■ . 

.sized. The fluorescent comp^ n was ^ ^uc^d Tl^t were synthe-' 

optical properties of the fluor Jc«J-S££T V aCyl r£sidue ' The 

was shown that calf thymus teSn^T ,u substrates w ^re investigated. It 
irreversibly adding .^l^^^l L capabl^ of 

the concentration of free 3 '-OH ends of \Ia a ^ ° f DNA " In this ^ 

of the time of intraduction 0 f th e e n tdia d ub""" ^"^ 1 ^ ^ 3 fUnCCi ° n 
analog of uridine triphosphate is also P ,n.k Vv J" fluorescent-labeled 
OH end of the growing chain of RNA bv DNA H f incor P or ^ed into the 3'- 

Incorporation of the analog Jnhtti ts \Z I? ' ■ MA P ol ^ era " o£ E. cali. 
ability to synthesize MA wiJh tte ** ^ ^ C ° 3 deCrease ** the 



the growingthSn T^LT ^ the end of 
contain paramagnetic or fluorescent groups Special^ \°\° ™?* ^ ™ A P ol ^«-e to 

ssrs-^r flu ~ iabeL ' s-Js^ssss 2£ —l^- ■■ 

struck ^ h TiS2 Iw^n^ ^ 
Phosphate were selected as the fluorescent label J °T acyl der i v ^ives of uridine tri- 
pemits us to hope to introduce ic Into tL I * Selection of fluorescent label 

But; P rotection or the 3'-0H gro.p 0 f ribose SV f *f ^ ™ A P°Wase itself, 
consequently, a priori localization of JSfi J it termination of the strand and, 

enzyme. localization of the label close to or within the active site of the 

fragmInts^th S S:^ e of a c n alf tC^eS^d " "S""^ " *» ^ "* °' f ™ A 

lection of the f luorwcant .JrouJ^ transferase. The se- 

distW Ro without emission^ option of enerjy 7 ° f CriCiCal 

co^oS-T^^ VS^^SJ ^ ^ .«* ^e incorporation of 

into the 3--0H end of the" gr^ng rn! s rand Ld" L° ! * "°? ^ °' ° NA ^ by m Phrase 

of the corresponding reactions * " 3 dete ™^tion of the kinetic parameters 



METHODS 



Automatised ^^JI^i^'L^Sr ? ^ ^ lfa>M "- 

USSR, Vladivostok Translated fL I 7 ? f Sc l^tific Center, Academy of Sciences of the 



mechanical, photocopying. microfJlne, -££^'2S^™^» °' '""f","""- ££££ 
available from the publisher for J7.S0. °,ncrwue. wtnaut written permission of the publisher. A copy oflhuZtielels 



(Japan) in a 4 mm cylinil^ i c W 

tography and electrophoresis j^l^\\ C ^ mtM ^ of the carrier <vlO- M nu 

the followine sv^f*™^ a , conducted on FN18 uaner fr a ^ * M ' Chroma- 

acetic acTo" 5 3 2) • \ ^"^th^l^etiS'Sd^ . D ^«tic R epublic) , us 

Preparations. Triq-Hn t,.,^^ 
these f»nf-Pb*.„ «- mcrca PCoethanol, were T tu AiXS ^a 3 UJQH, pH o 5 1 

w nm m thermal denaturation was <\-27 and 
cf the initial value. °' 2 «■ ^ "-"wl hyperchromism did not e'eed 5% 

^^PtP^^^^-^^ addl lonal purification . A 

o £ c h acti^o^^^ 

(- -lO'C 1 )^ 'If? 15 * S ^ bo^se^ 0 ^^ "'J™ * £ amplitude 

.(at 10 C) the activity of the enzyme was unchanged iHif^s.^ ™' St °^ c 

f e calf thymus according to the 
The incorporation of 1 nmole of the substrate £ Che enzyme was 10 .°00 units/mg 
incubation at 37'C in a standard Jncuba iS system" £ T^"*" 1 **' material *» 60 
of the enzyme was' monitored according to the S!m f " the activ ity unit. The work 
adenosine triphosphate, labeled' wit* tritium " ° f inco ^°ration of deoxyribo- 



RNA polymerase was isolatPri Ft-™, f 

?i 0 s ?: ci f fic K activlty of th; n; c o°^ n ^ r Tr thod des ~ ibed -^-w. 

1 umole of the substrate into the ac±d-±nl^tS "nit/mg. The incorporation of ' 

taken as the activity unit of the enzyme nil T"** 1 1 min ° f *»«*.3on at 25°C was 
scintillation counter (Inter tPnW : """activity was measured on an SL-40 libuid 

was practically unchanged. ' ' France) ' Dui *ns storage, the activity of the enzyme 

glycerin and the standard incubation buffer with 11 n ° a solution containing 30-50% 
replaced by dithiothreitol in a c^^LfoJ ^ WhiCh ^-rcaptoethanol was 

solved in is,! diethyl formamide we add^d I 95 n° K) fl^rescenyl isothiocyanate, dis- 
0.2 M carbonate-bicarbonate buff« H llll/rl T° 1&S) ^^lyclae in 50 ml of 

with acetic acid, diluted 1:2 witn\ater r^Z, T SOlUt± ° n f ° V 4 h « to P H 5 

water, dried, extracted with 50 ml eth^'aLLT , P^cipitate, washed with 30 ml of 
aagles), 80Z, calculated on the basis of the L^M driEd ° Ye U a0H - Yield ^ 2 (2.8 
Ef G1 y 0.17 (buffer C), Z { ?±ct l.l ( bu fffr J) iS ° thl ° Cyanate - *gg ^ nm, R f 0.3 (system A), 
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'■The dimethyl ester of I was produced by treatinz a ro1„m«« t ^ ^ 
^h.an ether solution of diazome thane , falLSTS^lSS^ lU^lT^^ 
buf fer C and reprecipitation from a chlorofonrether mixture. ij&t^&n^STlJ* 
r Found: N 7.49%. Calculated for C a7 H 33 N 3 0 B : N 7.7%. f f °' 77 < buffer 

3' (2')-0-F luorescenvlaminothiocafbonvig lvrv1cr1y1„w^^ 0 -c rHT .v n . nll , 
» 450 mg (0.83 -oU) abound I, dissolved InV7u l 1^ def we S S iSXl ^T's 
car bonyldiiinida 2 ole and mixed for 1.5 h a.t 20 o C until the evolution of ro tl V UT^ 
Ration of the imidazole I obtained vas Padded to 1.2 mmol« ^ (substance mtnO ' 
formamide, mixed for 12 h at 6'C, after which it was diluted with 25 ,S I 

cen trifuged. The precipitate was dissolved in 1 ml of water ^rL^?\ 5 J ? ™ 30(1 
llc ohol. centrifuged, and the precipitate obtained solved' in valer * Mte^ 30 "1°* , 
el ectro P horesis in buffer C (voltage gradient 22 V/cm) , colored To^Te/^IT^ 
0,3 were obtained, rne rs t of them was ^ted with 10, ml of water; the LcentraLofof 



• - ••— - w.i.i.11 xu an. oi W< 

the substance was determined spectrophotometrically . Xg H9 454 Q m 
for compound II. R f 0.55 in system B, Ef Pic r q.5 i n buffer C. 



Yield 9.9%, calculated 



Hydrolysis of Compound III Substance III is slowly hydrolyzed in aqueous solutions at 
P H7, 8, and 9 Ammonia ammonium bicarbonate, sodium bicarbonate, and carbonate-bicarbonate 
buffer were used as the base; aqueous alcohol solutions were also used The rate o hl^ ^ 
did not change significantly in these variations When suW^™ tVt ff ! hydrolysis 

DEAE-cellulose, hydrolysis occurred rap^! ^ti^hTc^ Sh'S^'^cSS 

S ° clcs^f TT7 blcarb rf £ '' WiCh Variatlon ° f the concentration from 0 to 0?5 M, we 
successively eluted compound I and a- mixture of uridine phosphates- the mole ratio of ™n„nrf ' 
j I to the mixture of nucleotides was.l:! (determined spectroph^tometric^ accordin t Se 
! absorption intensity at 454 nm, P H 9, for substance I and at 260 nm, pH 2, for nuSLSdes). 

i f ^"""n^thiocarbonYldlRlYcyir'Hlglveiiie- (compound TV^ . A 0 .3 g portion (0.6 
mole) of compound I was dxssolved in 2 ml of formamide, 0.11 g carbonyldiimidLole (0 7 
«nole) was added, and the mixture mixed intensively for 1.5 h until the evolution of CO, 
. ceased. The solution obtained was poured into 30 mg (0.4 nmole) [ 3 H] g ly c i n r(5 5 mCi/m^ole) 

' with Wa - er t! °' 8 N Na ° H ' f ° r 2 h ' aft « wni <* the solutlon^as^id- " 

with acetic acid to pH 5, diluted to 50 ml with water, centrifuged, the precipitate 
«*ed with water (3 x 5 ml) , and dried. Yield 170 mg, 51%. R f 0.18 (system A)? 

V) "^Lm^? 0 "^^ 1 ","?^ 10 "^ 0 ^ (compound 
^ I \T obtained from compounds II and I V according to a method analogous to the 

"! i (Suffer T. C ° mP m " YiCld i0Z ' ^ Rf °- 5 ±n SySt£m E f PiCT 

3' (2 ')-Q-Rhodaminyluridi ne-5 '-triphosphate (compound VI). Rhodamine S was preliminarily 

^ solution obtLnfd * V? ^ car Wldiimida 2 ole was added, and mixed for 15 min. 
2™ S , J P ° Ur f d ±nt ° 20 mg (0 - 037 mmole > ^ [compound (II)] in 0.2 ml 

s dLso^fL ill f 6 °' PreC±piCated With ac " 0 -. - d centrifuged! The precipitate 
t n dlltllta ? "J w f er ' "precipitated with 50 ml of alcohol, and again centrifuged, 
hn dissolved in water and applied on paper. Electrophoresis was conducted in buffer C for 

r Mon 2; Ti l T C h E £ °' 3 " WaS aluta 5 H ^ lth 75 ml of * ater at 6 °C- The concen- 
ts ^ S th d ^^ s e ^P- tr °P^^-trically at xffi 520 and 550 nm, Rf .0.4 in system B 

Bl a rl iT °j yS±S °5 Co °? ound VI - A °-5 Wmole portion of substance VI was dissolved in 10 
and I„„i\ 0 ? ammoniu ° 1 ^carbonate solution, evaporated at 30°C after 2 h. dissolved in water, 
S wither V 1 th CM - cellulose - nucleotides were eluted with water; rhodamine 

at 2fi£ » , \!" ^ nucleotide concentration was determined spectrophotometrically 

ThV« Bi r , f P J ?j ^ h ° damine at ^ 55 nn . P H 9. The ratio of nucleotides and rhodamine was 1:1. 
UswiT ° ; ^ I ! Jr ° f COm P° und VI T l/S was determined spectrophotometrically. Hydroly- 
vl h ^ C ° nduCted / n bu f fer with P H 8 - The value of T l/2 was 1 h. In hydrolysis in buffer 
pa iu, Ti/ 2 for triphosphates was equal to 4 min, and for diphosphate 20 min. • 

f.... Purific ation from Decomposition Products. In the case" of storage even in the lyophilized 
foS,;: fluoresc ent-labeled 3' (2')-0-acyl derivatives of uridine triphosphate were broken down 
la Tll & "IT" 0118 substanc «, among which uridine mono-, di-, and triphosphates, both contain- 
8 tne fluorescent group and without it. were found. The isolation and purification of the 
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t Denotes radioactively labeled compound V1L 
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Fig. 1. Excitation (a) and fluorescence (h) 
spectra: 1) rhodamine S; 2) compound % 

lo-, labeled with cbmpound VI. 
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™ Phosphate buffer, pH 6.0. ^ C ° 1, ~ , «th D»ex-5 0 !„ th 

in 8 jSTJSST ntTltl^T^ TO "with 0.5 M „ * 

graphed « . colu » vith^Jd x TTL'I ~— « ™t, in . 

peak, containing the trichoU, t °' 005 M sodiu » phosphate hf « 6 and chr omato- 

chromatography of the purif7~T * nd mono Phosphate s was J ( 3 ° lmne and fi tor^ 

3.0. contain^ 502 dio^e . Preparatl °* °* DEAE-paJer D e Sr^TLSnl^SS, 



PH 

RESULTS AND DISCUSSION 



iluorescent-labeled 3' (2 "Urx.,-.. i j , 

in the synthesis"^ Jo^ J "™ C a CO "P— t, I ^f^st ** V £*" °< ^Wescein 

fluorescenylandnothiocarb^nyScv^f 111 , 0 ^^ 3 ^' whl <* was condensed wi ^ I T*" 8 naterial 
Hde (compound n „k • ™ onyA8A y c y 1 8lycine obtained in tM« naensed with digl ycine . th 

was obtained T„i h'a s^U^ Ih'T^ Uridine ^0^.^^" "T^ C ° « Wo- 

the partial des Auction ^f>% v. (S " Scheme > ■ ™i s is ITlllnJ U) * Coni P ou ^ III 

was conducted in fo^jf . n^" — ^ i° ^£0^^ * 

mixture. III was practically noC fonned i„»^^£*£*« 

the iX'oHd'e'of'hiV^ imldazolid « (compound I) with l*n.l « 

The molar extinctions at nH in 

rho aSne's L S £' ^« of f«e rhoda.Se s '£V 0 " Plete breakdown of the 

VI in 111 , , decomposed preparation was de**™?^ ?' concentration of free 

To determine the molar extinction 
Performed. A radioactive!, labile ^J^^ ? ' the f ° llowin S ^surements were 
same position with the same specific ^Mt^f* S^™* V ""actively labeled in the 
was^ ^ VI1 W6re tak£ n. L aliquot of a^utio TTJ^ ° f the * 0l ~ extinct^ for 




u Wltil compound 

MLE 1. „ ol „ &tlnc 

SET" *° aloes ° f «£• 



Compound 



V 
III 

Fluorescein 
Rhodamine S 



13 600 
37 000 
85 000 

65 000 

66 000 



452 
485 
485 
549 
543 



The absorption spectra of fi 

™ ' ' : M » this de- 

/ ... ine spectrum of free rhod 

Tran.r 2222 ^^!^^ « ^ ° n the P H value. 

a blocked 3'-0H end, which vou£ K f^' we e *Pected the ^"jTSr?^ 
e«ess of the en2yme> ™ *J° U " ^ i nactive ln further J^ion of a product containing 

concentration of free S'-n^nrf V™ "action of elongation o? dna , presenc e of an 

ibly adding the modifiJ ^?"' f In this case if SL f M ls dete "»±ned by the 

ends should .JoT^^!""" the 3 '"°H end of'cM L?^ is of irrevers- 

C ° nsistent exponential decrease. ' con centration of free 3 '-OH 

curve in ??r ki Q 8 / r f ti0 ° f enz y*e and DNA concentr^^ 

™A elongation) . freS 3 -° H ™ ds ls <*« factor determln?"'^ ™« e f C "™' 

5 me race of the reaction of 

To measure the initial 

The reaction va<? r« n ^, f ^ oxysls » so as to exclude the f nn n a ^ V7 The P rod ^ct was 

i ' V (0.5 io-r£ SJh^S« " f° ll0WS: T ° 3 stand « I LfSTjSr, °f di " 311(1 Ribonucleotides. 
" -action pridSt tJS^TSSS V ^"ed o" tTttV " ™™ 

valine hydrolysis at pH 13.5 for 24 h »t\i'r \l ' sub J ec ted the 

U The acid-insoluble 
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28 5S • ft/ 71Z 
[DNA],/ig/ml 



Fig. 3. Dependence of the 
rate of DNA synthesis on the 
initial concentration of the 
. DNA^ primer (incubation so- 
lution 1; O.S-IO- 1 * M [ 3 H]dATP. 
with specific activity 0.1 
Ci/mmole; AO min (37°). 




QD SO 
min 



2bo no 



Fig. 4. Determination of the concen- 
tration of free 3' -OH groups in DNA: 
a) dependence of the incorporation of 
[ 3 H]UTP on the time; b) dependence of 
the incorporation of single molecules 
of UTP at the 3 '-OH end of the DNA 
primer on the substrate concentration. 



fraction was collected on nitrocellulose filters and the radioactivity measured (Fig. 4b). 
A 2 h incubation is sufficient for saturation of all the free 3 f -0H ends of DNA with UTP 
molecules (Fig. 4a), since the level of saturation is already reached after 4 min. The • 
average len|th between single-stranded breaks in DNA was calculated from the ratio of the 
amount of [ H]UMP incorporated at 3 r ^0H end of the DNA fragment to the amount of DNA nucleo- 
tides in the sample (in moles). This ratio was equal to 1:800 for the DNA preparation used. 

The effective Mi chaelis . constant for UTP was measured from the dependence of the rate of 
incorporation of [ 3 H]UTP with specific activity 1 Ci/mmole in 20 min of incubation at 37°C 
on its concentration. The value of was of the order of -2-10~ 4 M. 

As has already been stated, in the case of irreversible incorporation of the modified " 
substrate and the initial conditions described above, we had to expect an exponential de- 
crease in the rate of incorporation of deoxynucleoside triphosphate as a function of the time 
°f preincubation of the system with the UTP analog before the addition of deoxynucleoside 
triphosphates. It is precisely such reaction kinetics that is observed in the preincubation 
°f terminal transferase and denatured DNA with fluorescent-labeled analogs of the substrate. 

reaction was conducted as follows: Compound III to a concentration of 1.95 -lO" 3 M or 
substance VI (to 2.3-10-* M) or 1.95 -lO" 3 M UTP was added to the standard incubation solution 
I. Incubation was conducted for some time at 37°C, then [ 3 H]dATP with specific activity 0.15 
i/mmole was" added to a concentration of 6-10" 3 M. Incubation was conducted for .10 min at 

C, and the reaction was stopped by adding EDTA. The results of the experiment are shown 
n Pi g. 5. As is shown by the control curve, UTP does not block, the 3'-0H end of DNA. 

; However, the curves in Fig. 5 may take this form, in the first place, if the enzyme is 
| w ersibly inactivated during binding to the fluorescent-labeled analog and, in the second 
Place, if the enzyme forms a nondissociated complex with DNA after incorporation onto the 3'-0H 
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Fig. 5 



nam 



'v iy ffu 

Fig. 6 



ho 



so so 

min 



of incubation solution 13000* } C °7° uad Z11 > activity ' 
VI, 13,000 counts/ m L? sToTi^'' V 

standardized according to tS' « , coun ts/min (curves 

^ -pu. -A ^.TLl&sr 

concentration J, „,,?. ; su '"«" s: i and 2) ^ 
concentr.tlon or co^lvT 2 2 »S «> 

concentration .of co^onnd In i.S-Jo-A* ™ d 3) 

end of the DNA In o d 

~„eL TtL tT ""^ «""="r.tl«. Se scJL 0 "V" ^ Mds ° f "* »V 

extent" ^"L£3r- « «* 3.-0H end ^ ^^.^'SSJS.* 

It is curious to note t-h^ 

i^Nr^ 12611 " ^"^e^rlie'r^el 'd^tT 5°* ^-ATP and with 3'-C-Me- 

« DNA or.in the oligonucleotide dl*.' *** lMd *° "oddng of the 3'-0H ends, either 

ins^T ^-S"^ d C ^.1^^^3 ; -« -dified with the substrate, 

of >h Stabilic y of the fluoresLnS'be^d Pr ° babl * this ls due to the 

ennf % S/ nal ° 8 l0ses its fluoresced LbS e ; l° ss ^> during the work, part 

ends of DNA again become accessible to^urther W^T ° f / he -Wiousl y blocked 3<-0H 
Che i nco ion Qf a fl *° Ju «£r £ ngt hen *»8 of the DNA strand. To demonstrate 

«P*rl«mt: d Tl0 in a concentration of 10 ' M was in! V j u^' We c °* d -ted the following 
in a concentration of 2-10- M in buffer containJL ? ^u^/ 1 ^ the termitlal transferase 
cacodylate, p H 7.0, and 0.3 M fluorescLt-UbeS^n f 8 I" 1 "* C ° Cla ' 100 "»* 

scent labeled analog. Incubation was conducted at 37'C. 
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1 and 2 
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Fig. 8 



Fig. 7. Kinetics of the blocking of the 3'-0H ends of dT 10 - 
1) S'-O-Me-ATP, 2) UTP, 3) compound VI, 4) compound V. 

Fig. 8. Kinetics of the incorporation of fluorescent analogs 
of the substrates into the 3'-0H end of the growing chain of 
RNA. a) Incubation in the presence of A nucleoside tri- 
phosphates (3 and 4) and in their absence (1 and 2). 1 and 
3) Compound VI; 2 and 4) compound III. b) Dependence of the 
rate of synthesis on the time. 

After definite time intervals, aliquots with a volume of 2 ul were collected ™a t-^ * • V 
to 20 yl of fresh incubation medium with the same buffed and the sa^e et^e co^r"- 
tion, but not containing oligonucleotides, and containing 0.2 mM [ 3 H]dATP witTspecSSc 11 
tivity 0.02 Ci/mmole in place of UTP analogs. specific ac- 

_ After 10 min of incubation at 25 °C, the sample was applied on DEAE-paper DE 81 and 
c itpgraphed in 0 5 M ammonium formate, pH 3.0, in a 50% solution of dioxane in water. 
L ligonucleotide dT 10 , together with the [ 3 H ] dAMP bonded to it, remained at the start 
tte chromatograms were dried, cut into uniform pieces, and the radioactivity analyzed in'a 
Uquid. scintillation counter. The amount of [ H]dATP bonded to dT 10 is shown in Fie 7 as a 
function of the time of incubation of the system with ribonucleoside triphosphate analogs. 

After 2.5 h of incubation, the bulk of the incubation medium (100 ul) was aonlied on a 
r ^nfc^ 0 J" ^ ^ 70 with 0.01 M P oLai» pSpS^Sr? P H 

a 'iShSS t0 !f aP l f.* nT f f ml/h - ^ fiTSt Peak contai ^* the oligonucleotide 
ITotatS ' J iSS ° 1Ve , d " °-\ ml ° f W3ter ' 3nd d -P^teini Z e.d by shaking with a mixture 

Lt m Chl ° r °5°™' a ? d i 503 ^ 1 alooholi. the- aqueous phase was subjected to chromatography 
e elution « «?" 50 COltma * ln th / l3St chromat °S"PV, an almost complete coincidence of 7 

bse r i!f es % ffieasured "cording to the absorption at 260 nm and the fluorescence was 

Z I * 5 absence of a peak in the region of the low-molecular-weight substrate, 
. ?t t0 / T r:, ^ reSUlt demonstrates the incorporation of the modified substrate into 
» i - analysis of the content of fluorescein and rhodamine S in an 

nalogous experiment with dA 10 , as well as radioactive glycine in an oligonucleotide with 

Uo, showed that despite substantial inhibition of the reaction of the addition of dATP 
tilT** Erectly after the reaction with the analog (Fig. 7) , / the fraction of oligonucleo- 
1*5 5 lu ° rescen tly labeled in the final product is negligible, and is <WZ for fluorescein- 

oeied dTxo, and 1* of all the oligonucleotides for rhodamine S-labeled dA 10 . This differ- 

of ^ i e u i i de ? tl 1 y / Xpla , Ined by 3 constant los s of the label during purification and storage 
01 the labeled oligonucleotides.' . 

.^corporation of a Fluo rescent Label into the 3' -OH End of RNA by RNA Polymeras e. Just 
eirT* CaSC 9f terminal transferase, the incorporation of a uridine triphosphate analog, 
prying a fluorescent label in the RNA strand, should lead to an exponential decrease in ' 

:. "ate of RNA synthesis with time. However, this condition is fulfilled only in the absence 
;.. ..initiation of RNA synthesis, i.e., in the case of apparent inactivation of enzyme ■ 
lo .:.^ules that have incorporated the analog. The experiment was conducted as follows: 

a. standard, incubation solution 2 we added ATP, GTP, and CTP in a concentration of 8-10-= M 
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each, unlabeled UTP^^ 10 tffc 

experiment ia 6howa L^L 6nded ^ «» add ? > **'**tfU activity 1 C1 ^~ 

inactivation of t-u g * 8a ' ^ control J addltlo n of ZDTA Th Q , W/nnnole, 

Polymerase to SUndar * H» a-rMCBtfLiSfi" 8 k to the fl »°-« e a" 1 L°L. aI> ' ,ar ? 

_ Recount of the insuf^. 



. On account of the f « ^ COncent ^ 
free.rhodamine S or ^ iDSUfflci «it stability of m, „ 

6 S ° r """Pound VIII nay be ftL thS fluor «<:ent-lab el ed DTP , 

„ * inve stigated the 7 £ound ln the incubation systt UI? anal ° g * - ed , 



To demonstrate th' < 1C " " ecc °" *NA synches!,, 

of the high- m0 l ecul 3 r ! we ^; "Staining 0.1 M KC1 . a^™* 50 «>. equilibrated with ll J 
rechrcatographed. ^ fra « lon «« collected. c^t»t2 8t t Chr0,,atO8 W h ^ the P«k 1 

I" both cases „^ , ' ^ Pr ° naSe ' and 

of the fluorescent' lX? 7 f nalog containing both rhn^ * 

^ control expe^ f cL^de^^" ° f ^thelL^ ^ »^ the con t ent 

-logs on the high-^l^cul^St L P ° SSible ^rp^f^'fT M high as 

lgh£ ^Ponents of the system fluore scent-l a beled 
We undertook an at-t- J ,J "-eni. 

"rjT^^^ 1 ^ ^ — of energy of 

-utain rhod^ineT n he 3 ?-oS ?! of elongation oVd^ T Parati °» s of dl . 

lengthened and unle aR thenL ' USing te ™*nal transfer dA " » 0 ^cules that do not 

-re unsucce ssful .^^^-^tlde. on Sep^^So"' of the 

the procedures. C ° f the Progressive loss of tht However > the " attempts 

6 fluor «cent label during all ' 

In this work we He 

. N ^ed in the work it was difficult 

_464 tenninate the chain of the 
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^.ymer being synthesized. 

The kinetic constants of the rearM«„ r^x. 
fhdsphates fo. r the reaction of ' addii-?™, * analogs and with natural n „n la 

f ^f erase proved extrenjy cl^^*/*™^"*" ^ tX± ~ 

AoToT^cS 

*~ after - sri£ ^sr^-L 

It is interesting, moreover that- n' -t. , 
ion the ribose both with uncharged m f\ al °gs of nucleoside triohowW 

S abstituents, proved capable 1f t f flu ° rescein > with charged (Soft c^' modified 
This property L inherent not 1 ^ I™?™" ^ ^ ol "^Lr'r 110113 

deotidyl transferee fLo nrolS 0 ^ 160 " 116 in the '-ctloTofluTS^ , Cap3ble ° f 
tldyl transferase of k alu n be ° nly weak inhibitors of two ™ ^ deox y ri bonu- 

ATP served as ~&£i£ l ^ u V^t'tn^ ^ P^sHf T^^O^e 
diphosphates and ^ i^^S^^'^™^^ analogs of^Z 
• ■ The. data cited here sh™ v. synthesis at all. 

ea^erated en^es^cl p - £. t ttt^ToV' ^ of spates with the 

participate in this process. ^ ° nly Steric - ^ut also some other h^Wsns ' 
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Table 1. 1 (continued) 



No. Blocking 
group 



Abbrev- Structural formula 
iation 



5 2-sulfolen-4-yl 



6 2(cc-pyridyi-) 
ethyl 



-O-CH 



:-CH 3 -0-^^ 



7 2-{phenyU 
carbomyi-) 
ethyl 



O / , 

-o-ch^ch.-c-nhVQN 



8 2-(/>-methoxy- MPH* 
phenylcarba- 
moyl-)ethyl 




Blocked Conditions Deblocked Deblocking Soecial R.f. 
mcety for blocking moiety conditions' fjT 

cations 



phospho- nucleotide, phospho- alkali 
mono- 4-hydroxy- mono- 
ester 2-sulfolene, ester 
DCC 



(65) 



phospho- nucleocide, phospho- NaOCHj 
mono- o-pyridyl- mono- in 
ester ethanol, eS £ Cr methanol/ 
DCC pyridine 



(97, 98 J 



phospho- nucleotide, phospho- alkali 
mono- phenyl. mono- 
ester hydra- ester 

crylamide, 

DCC 



affinity (7,289, 
290) 



phospho- nucleotide, phospho- alkali 
mono- p-methoxy- mono- 
-CH, ester phenyl- ester 
hydracryl- 
amide, DCC 



alTinity (2S9.290) 



9 2-(benzyl- 
carbamoyl-) 
ethyl 



-O-CH^CHj-C-NH-CH 



phospho-. nucleotide, phospho- alkali 
mono- benzylhydra- mono- 
ester crylamide, ester 
DCC 



affinity (289,290) 



r 



10 2-(phenyl- PME d 
mercapto-) 
ethyl 



1 1 9-fluorenyl- 
methyl 



12 2\3'-{2,4- 
dimethoxy- 
benzylidene-) 
uridinyl 



-O-CHj-CH^S 



-o 



phospho- 

mono- 

ester 




H CHj-O- 




O-CH, 



nucleotide, 

2-phenyl- 

mercapto- 

ethanol, 

DCC 



phospho* 
mono- 
ester 



1) periodate affinity 

2) alkali extrac- 

tion 



(7. 290a. 
422. 465) 



phospho- nucleotide, 
mono- 9-fluorenyl- 
ester methanol, 
TPS 



phospho- 
mo no- 
ester 



alkali 



extrac- ' 
tion 



(176) 



> 



phospho- 

mono- 

ester 



nucleotide, phospho- 1. mild acid 

2'.3'.(2,4- mono- 2. NaJO* 

dimethoxy- ester 3. alkali 

benzylidene*) 

uridine, 

DCC 



(177, 173. 
393a) 



13 p,p,jj-tn- 
chloroethyl 



phospho- nucleotide, 

mono- p,(J,p-tri- 

ester, chloro- 

phospho- ethanol, 

diester DCC 



phospho- 

mono- 

ester, 

phospho- 

diester 



Zu/Cu i 
DMF 



(42. 75. 76. 
78. 94. 197, 
296. 298) 



Tabic I.I (continued) 



^ No. Blocking 
5 group 



Abbrev- Structural formula 
iation 



IS" Deblock€d blocking Special Rcf erenC c 3 

mo.ety for blocking mo.ety conditions appli- 



Co 

I 



UUVjICUqIUC, 




p.p.p-in- 




chloroethyl- 




phosphatc 




TPS 




nucleoside, 




P.P.P-tri- 




chloroethyi- 




phosphoro- 




dichloridate 


Oi 


nucleoside, 




P.P.P-tri- 


ta 


chloroethyl- 




p-cyano- 


pc 


ethyl- . 


m 


phospho- 


r 


chloridate 


O 
m 
Jo 



mtsc. ester 
groups : 



14 phenyl- 



-0 



phospho- nucleoside, phospho- strong 
diester phenyl- diester alkali 

phosphodi- 

chloridate 

nucleoside, 

phenyl- 

phosphate, 

TPS 



(■3 J. 73 
350. 352) 



15 o-chloro- 
phenyl- 




phospho- 
diester 



nucleoside, 

o-chloro- 

phenyl- 

phosphate, 

TPS 



phospho- alkali 
diester 



(352) 



16 m-chloro- 
phcnyl- 



phospho- 
diester 



nucleoside, 

m-chloro- 

phcnyl- 

phosphate, 

TPS 



phospho- 
diester 



alkali 



(352) 



1 7 o-fluoro- 
phenyi- 




phospho- 
diester 



"nucleoside, 
o-fluoro- 
phenyl- 
phosphate, 
TPS 



phospho- 
diester 



alkali 



(352) 



18 4-chloro-2- 
nitro-phenyl- 



phospho- nucleotide, phospho- strong 
mono- 4-chIoro-2- mono- alkali 
ester nitro- ester 

phenol, 

DCC 



(289) 



19 4-nitro-2- 
chloro- 
methyl- 
phenyl- 



Cl-CH! 



phospho- nucleoside, 
mono- 4-nitro- 
ester 2-chloro- 
methyl- 
phenyl- 
phosphate, 
DCC 



phospho- 

mono- 

ester 



aqueous 
pyridine 



activ- 
ation 



(231) 



No. Blocking 
group 



Abbrev. Structural formula 
iatton 



2 20 benzyl- Bzi" 



-O-CH, 



2 1 benzhydryl- 



-O-CH 




Tabic I.l (continued) 



Blocked 
moiety 



Conditions Deblocked Deblocking Soecial n ~r 

for bioebng moiety conditions 8 Jj" 

, cations 



phospho- nucleoside, 
mono- benzyl- ' 
est er phospho- 

dichioridate 



phospho- 

mono- 

ester 



(197) 



phospho- nucleotide, 
diester phenyl- 
diazo- 
methane 



phospho- 
diester 



NaJ in 
acetoaitrile 



(369) 



phospho- nucleotide, phospho- acid 

mono- diphenyl- mono . 

«« diazo- ester 

methane . 



(63, 64) 



22 benzaldoxime 
ester 



-O-N 




phospho- benzal- phospho . a|kaii 
mono- do X ime+ mono- 
ester nucleoside- ester 

5'-ph6sphor- 

morpho- 

lidate 



affinity (290) 



23 ethylthio- EtS d 



-S-CHj-CHj 



24 r-butyi- 



25 1-oxido- 
2-picoIyl- 



o / CH) 
-O-C^-CH, 



-O-CH,- 




phosphoramidate groups:. 
26 anilidate PhNH 




28 ^-methoxy- 
anilidate 



phospho- S-ethyl- 



• Phospho- J 3 / act j v . , A 

-no- phosphoro-- mono- pyridine 21 p 9 'f' 
thioate, ester /■] 
nucleoside, ™ } 



ester 



DCC 



phospho- t-butanol. phospho- acid 
mono- DCC 
ester nucleotide 



mono- 
ester 



(63. 489) 



phospho- nucleotide, 
mono- 1-oxido- 
«ter pyridine- 
2-yl-diazo- 
methane 



phospho- I) acetic 
mono- anhydride 
ester 

2) methanol, 
ammonia 



(83, 271) 



phospho- nucleotide, phospho- isoamyl- 
*°no- aniline. mono ; nitfi 

DCC eslcr pyridin 



(309. 310. 
312) 




phospho- nucleotide, phospho- isoamyi- 
mono- p-hydroxy- mono- nitrite 
«ter aniline. ester pyridine/ 

acetic 



activ- 
ation 



.(316) 



acid 



phospho- nucleotide, phospho- isoamyl- 
p-methoxy- mono- nitrite 
aniline, ester pyridine/ 



mono- 
ester 



(309) 



acetic 
acid 



Si 



Tabic 1.1 (continued) 



No. Blocking 
group 



Abbrev- Structural formula 
iation 



Blocked Conditions Deblocked Deblocking Special References 
moiety for blocking moiety conditions appli- 
cations 



29 yKtrityl-) 
anilidate 



TPM S . 



-NH 




phospho- 

mono- 

ester 



nucleotide, 

p-amino- 

phenyl- 

triphenyl- 

methane, 

DCC 



phospho- 
mono- 
ester ■ 



isoamyl- 
nitrite, 
pyridine, 
acetic acid 



affinity (3) 
extraction 



30 MN.N- 

dimethylamino- 
anilidate 



/ 



phospho- 

mono- 

estcr 



nucleotide, 

N.N-di- 

mcthyl-p- 

phenylene 

diamine, 

DCC ■ 



phospho- isoamyl- affinity 



mono- 
ester 



nitrite, 
pyridine, 
acetic acid 



(136. 138. 
435) 



ester groups: 



3 1 formyl- 



-C 



sugar, 
base 



OH 



sel. 2'f 
y-OB 



formic acetic 
anhydride 
formic acid 
N-formyl- 
imidazolc 



OH 



mild 
alkali, 
aqueous 
pyridine 



(63. 99;- 
332. 398.' 
418. 419. 
477) 



trimethyl- 
orthoformatc 
p*toluene- 
sulfonic acid 
(via methoxy- 
methylidene) 



(117) 



sel. 5'-OH methanol 



(477) 



32 benzoyl- 
formyl 



0 O 

II II 

-c-c 



33 acetyl- 



Ac" 



-C 



CH, 



-OH 



benzoyl- 

formyl- 

chloride 



-OH 



aqueous 
pyridine 



(234) 



-OH, 
-NH, 



acetic -OH 
■ anhydride -NHi 



alkali, 
ammonia 



(184. 197. =■ 
258) ~ 



sel, -OH 



acetic 

anhydride, 

H 2 0 



(43, 429a) 



sel. -OH acetic f246) 
anhydride, 
BF 3 -ether 



Table 1.1 (continued) 



No. Blocking 
group 



Abbrev- Structural formula 
iation 



33 acetyl 
(continued) 



Blocked Conditions Deblocked Deblocking Special References 
mo.ety for blocking moiety conditions appii- 

cations 



-OH 



dioxane, 

acetonitrile, 

HCl 



(482) 



sel. NH, 



acetic 
anhydride, 
DMF, tri-n- 
butylamine 



(329. 330) 



sel. 2'/3'. 
OH 



trimethyl- 

orthoacetate 

(via 

methoxy- 
ethylidene-) 



(99) 



sel.3'-OH 8-hydraxy- 
quinoline 
N-acetate 



(268) 



sel.-NH 2 



5-(acetyl- 

oxymino-) 

2,6-dioxo-4- 

(methy!- 

imino-)I,3- 

dimethyl- 

hexahydro- 

pyrimidine 



(28) 



sel. 5' 
-OH 



acetic 
anhydride, 
diethylazo- 
dicarboxy- 
iate, tri- 
' phenylphos- 
phine 



sel. a 5-chloro-S- 
-NH 2 hydroxy- 
of amino- quinotine-O- 
acyl- acetate 
nucleoside 



(264) 



(47) 



34 meihoxy 
acetyl 



-C 



\ 



CH 3 -0-CH 3 



sel .-OH strong 
alkali 




(184. 197, 
258) 



35 triphenyl- trac d 
methoxy- 
acetyl 



-C-CHj-O-C 




-OH 



methoxy- 
acetic 
anhydride, 
trimethyl- 
methoxy- 
orthoacetate 



-OH 



alkali 



(351. 352. 
353) 



triphenyl- 

methoxy- 

acetic acid, 

triisopropyl- 

benzene- 

sulfbnyl- 

chloride 



-OH 



mild 
alkali 



affinity (463) 



*v — — — — 

^ No. Blocking Abbrev- Structural formula 
5 group iation 



I 

Co 



36 phcnoxyacetyl 



37 ^-chloro- 
phenoxy- 
acetyl 



38 chloroacetyl 



// 
-C 



Table I.I (continued) 



-C-CH^CI 



Blocked Conditions Deblocked Deblocking Special References 
moiety for blocking moiety conditions appli- 

cations 



-OH 



-OH 



phenoxy -OH alkali 

acetic 

anhydride 



p-chloro- -OH 
phenoxy- 
acetic 
anhydride 



alkali 



(351) 



(353) 



-OH chloroacetic -OH alkali; (^7) 
anhydride - 2-mercapto- 

ethylamine, 
neutral 



39 trichloro- 
acetyl 



40 diphenyl- 
chloroacetyl 



-c— c— ct 

\ 

CI 




-OH 



-OH 



trichloro- 
acetic 
anhydride 



-OH 



diphenyl- 
chioro- 
acetyl- 
chloride 



-OH 



alkali 



alkali; 

thiourea, 

neutral 



(197) 



(57) 



41 tri/luoro- F 3 CCO b y O F 
a «tyl -C— C— F 

\ 



42 propionyl 



43 dihydrocinna- 
moyl 



44 P-benzoyl- 0B* 1 
propionyl- 



45 n-butyryl 



-C-GH,-CH, 



-C 



\ 



CH,-CH ; 



D 




-C 



CHj-CH/ 




// 

-C-CHj-CH^-CH, 



-OH trifluoro- -OH alkali 
acetic 
anhydride 



-OH, propionic -OH, alkali. 
-NH 2 anhydride -NH Z ammonia 



-OH • dihydro- -OH chymo- 
cinnamoyl trypsin in 

chloride acetonitrile/ 
(anhydride) phosphate 
buffer pH 7 



-OH (3-benzoyt- -OH hydrazine 
propionic j n Dy ri<ji. 

acid mium 



DCC 



acetate 



-OH, butyric -OH, alkali, 
-NH 2 anhydride -NH 2 ammonia 



(197) 



(159. 160) 



(363, 437) > 



(112. 230. 
470) 



(159, 160) ^ 



46 isobutyryl- iB* 
iBu ( 



,0 H 

-C— C— CH, 

\ 



-OH, 
-NH 3 



isobutyric -OH, 
anhydride -NH 2 

sel. 

-OH 



alkali, 
ammonia 
strong 
alkali 



(37, 457) 



No. Blocking Abbrev, Structural formula 
group iation 



47 2-methyl- mB* ^° 

butyryl - C-<pH-CH 3 -CH 3 

CH, 



Table I.I (continued) 



Blocked Conditions Deblocked Deblocking Soeci-il T~r 
mo.ety for blocking moiety condiS' fj? " 



cations 



-OH, 2-methyl- -OH, alkali. 
-NH 2 butyric an- -NH 2 ammonia 
hydride sci. -OH strong 
alkali 



(41) 



48 isovaleryl 



49 pivaloyU 
(trimethyl- 
acetyl) 



50 octanoyl- 



"C-CH^C—CH, 



//°/ CH > 
-C-C-CH, 

CH 3 



-C-(CH,).-CHi 



-OH 



isovaleryl -OH alkali 
chloride 



mono- (179, 180) 

addition 

substrate 



-OH, pivaloyl- -OH, alkali, 

chloride -NH 2 ammonia 



-OH, octanoic -OH, . alkali 
-NH 2 anhydride -NH 2 ammonia. 



(99) 



(159. 160) 



-C— C t7 H : , 



-OH, linoleic -OH, alkali 
-NH>. anhydVidc -NH 2 amr n 0 nia 



(159, 160) 



52 bcnzoyl- 



bz' 

Bz* 




-OH, 
-NH* 



benzoyl- 
chloride 



-OH, 
-NH : 



seh-OH 



alkali, 

ammonia 

n-butylamine 

for G h * 

strong 

alkali 



(184. 197, 
258. 315. 
457) 



sel.-NH* 



benzoic acid- 
N-hydroxy- 
succinimide 
ester 



(303) 



> 

CL 



sel. 5'- 



OH benzoic acid, 
diethylazodi- 
car boxy late. . 
triphenyl- 
phosphine 



(264) 



sel. -NH : hydrazine 
in pyridine- 
acetate 



(233) 



-OH, 
-NHi 



benzoyl 
cyanide 



(157) 



sei.-OH 



benzoic acid 

anhydride/ 

H 3 0 



(43) 



S3 



Table 1. 1 (continued) 



No. Blocking 
group 



Abbrev- Structural formula 
iation 



Blocked Conditions Deblocked Deblocking Special References 
moiety for blocking moiety conditions appli- 
cations 



Y 52 benzoyl 
iL (continued) 



sel. trimethyl- 
2'(3')-OH orthoben- 
zoate, p- 
toluenesul- 
fonic acid 
(via methoxy 
benzylidene) 



(99) 



8 



53 anisoyl an* 



An b // 
-C 




O-CH, 



NO, 



54 dinitro- 
benzoyt- 




-OH, anisoyl - -OH, alkali, 
-NH 2 chloride -NHj ' ammonia 
sel. -OH strong 
alkali 



(197) 



-OH, dinitro- 
-NH 3 benzoyl- 
chloride 



-OH, 
-NH 3 



alkali, 
ammonia 



(197) 



55 adamantoyl- 




-OH 



adamantane- -OH 

carbonyl- 

chloride 



alkali 



(253, 405) . 



56 dinitro- 
benzene- 
sulfenyl- 



57 mesyl- 




■|- CH ' 

O 



-OH. 



2, 4-di nitro- 
benzene- ' 
sulfenyl- 
chloride 



-OH 



thiophcnol, 
neutral 



(112. 197) 



-OH, methane- -OH, alkali 
sulfonyl- . -NH 2 
chloride 



(197) 



58 tosyl 



Tos b 




59 trimethyl- 
silyl 



TMS b 



60 /-butyl- 
dimethyl- 
silyl 




-OH 



p-loluene- 

sulfonyl- 

chloride 



-OH 



alkali 



(10. 197, 
162a, ' 
J62b. 
162c) 



-OH. 
-NH 2 



tnmethyl- -OH, 
chlorosilane, -NH 2 
bis-trimethyl- 
trifluoro- 
acetamide 



weak acid 
or weak. alkali 



(197) . 



-OH 



t-butyi- 
dimethyl- 
silyl- 
chloride 



-OH 



neutral 



(307) 



Tabic 1.1 (continued) 



No. Blocking 
group 


Abbrcv- Structural formula 
iation 


Blocked 
moiety 


Conditions 
for blocking 


Deblocked Deblocking Special 
moiety conditions appli- 
cations 


References 


61 ethyloxy- 
carbonyl- 




— C — 0 — CM — cu 


-OH 


nucleoside 
chloro- 
formate + 
ethanol 


-OH 


alkali 




f 1*1) 


62 trichloro- 
ethyl- 

oxycarbonyl 




- C -O-CHj - C CI 

\l 


-OH, 
-NH 2 


trichloro- 

ethylchloro- 

formate 


-OH. 
-NH: 


Zn/acetic 
acid 

(methanol) 




{ 16 J, 400) 


63 tribromoethyl 
oxycarbonyl- 




-C-O-CHj-C— Br 


-OH 


tribromo- 

ethyichloro- 

formate 


-OH 


Zn/Cu in 
acetic acid 




(54) 


64 isobutyl- 
oxycarbonyl- 


BOC b 


-C-O-CHj-CHCCHO, 


-OH, 
-NH: 
sel. 5'OH 


isobutyl- 

chloro- 

formate 


-OH, 
-NH: 


alkali 
ammonia 




(236. 304) 










sel. -OH 


strong alkali 






65 phenyloxy- 
carbonyl- 






-OH 


phenyl- 
chloro- 
formate 


-OH 


alkali 




(14). 



66 p-nitrophenyl- 
oxycarbonyl- 



67 p-phenylazo- 
phenyloxy- 
carbon yl- 



68 piperidine- 
carbamoyl- 



69 naphthyl- 
carbamoyl- 



O / v 




-OH 



p-nitro- 

phenyl- 

chloro- 

formate; 

nucleoside 

chloro- 

formate + 

p-nitrophenol 



-OH 



-OH. nucleoside 
sel. 5-OH chloro- 

formate + 

p-phenylazo- 

phenol 



-OH 



alkali, 
ammonia 



(229, 391) 



alkali 



affinity (391) 



-OH 



nucleoside -OH 
chloro- 
formate + 
piperidine 



alkali 



(391) 



-OH 



naphthyliso- -OH 
cyanate 



alkali 



affinity (4) 



>3 



No. Blocking 
group 



Schiff 
bases, 
orthoesters 
and deriv. 



Table 1.1 (continued) 



Abbrev- Structural formula 
iation 



Blocked Conditions Deblocked Deblocking Special R.f en -,7 
mo.ety for blocking moiety conditions 



appli- 
cations 



71 bis-(2-ch!oro- 
ethyl-)ortho- 
formate 



^ 0-CH,-CH s Cl 
-C 

\ 

0-CH,-CHXt 



72 N,N- 
dimethyi- 
amino- 
methylidene- 



DMM d 



73 /?~nitro- 
benzylidene 



CH, 



*CH-N 



\ 



CH, 



- cH -<0^ NO! 



-OH 



2-chloro- 

ethylortho- 

formate 



-OH 



acid 



-NH 3 dimethyl- -NH 2 
selective formamide- 
acetals 



alkali, 
mild acid 



-NH, 


1. nitro- 


(concur- 


benzal- 


rent with 


dehyde, 


No. 123) 


HC(OEt) 3 , 




F 3 C- 




COOH, 




DMF 




2. benzoyl- 




chloride 



-NH 2 mild'acid 



(J33) 



(153. 154. Z, 

155. 197. ■ 

397,m, «" 

420) 5 



(484) 



ether groups: 



74 benzyl- bzl' j v 



75 iriphenyl- tr* 
methyl- TV* 




-OH, 
-NHj 


benzyl- 
chloride/ 
alkali 


-OH, ' H 2 /Pd 
-NH 2 


(197) 


-OH, 
-NH 7 , 
sel.2'-OH 


benzyl- 

chloride/ 

NaH 




(25 . 26." 
27. 163. 
192) 


-OH, 
-NH 2 


phenyldiazo 

methane, 

SnClj 




(52) 


sel.-NHj 


nucleoside- 
Na + -salt + 
benzyl- 
chloride 




(390) 


-OH, 
-NH 2 
selective 
5'-OH 


triphenyl- 

methyl- 

chloride 


-OH, acid 
-NH, 


(184. 197, 
354) 






-OH, - silicagel 
-NH 2 


(225) 






sel. 2*-OH acid 


(197) 






sel.3'-OH acid 


■ (197) 






sel. 5'-OH acid 


(88:218a. 
354) 



> 



affinity (41) 



No. Blocking 
group 



Table 1.1 (continued) 



Abbrev- 
iation 



Structural formula 



76 



/>-methoxy- 

triphenyl- 

rnethyi 



mmt* 

MeOTr* 

MMTr* 




-CH, 



Blocked 
moiety 



Conditions 



Deblocked Deblocking Special 



for blocking moiety conditions 



Referen 



appli- 
cations 



-OH, p-methoxy- -OH, 

-NH 2 trip'henyi- -NH* 

selective . methyl- 

5'-OH chloride 



mild 
acid 



(J84, 197) 



affinity (4 1, 398b) 



11 



p.p'-di- 
methoxy- 
triphenyi- 
methyl- 



dmr* 

(MeO^TV 
DMTr 6 _ c ' 




-OH, 
-NH 2 
selective 
5-OH 



p,p'-di- 

methoxy- 

triphenyi- 

methyl- 

chloride 



-OH, 
-NH 2 



very 
mild 
acid 



affinity {41, 197) 




No. Blocking 
group 



Table U (continued) 



Abbrey- Structural formula 
iation 



80 ^-acctoxy- pAcOTr d 
trityl 




-CO-CH, 



Blocked Conditions Deblocked Deblocking Soecial R,fw™ 
moiety for blocking m0l ety conditio™ 

cations 



OH- 
sel. 

5'-OH 



p-acetoxy- 

phenyl- 

diphenyi- 

metiryl- 

chloride 



OH- 



miid 
acid 



81 m-hydroxy- mHOTr d 
- trityl 




OH- 
sel. 

5'-OH 



m-hydroxy- OH- 

phenyl- 

diphenyl- 

methyl- 

chloridc 



mild 
acid 



(436) 




(436) 



73 



> 

a. 



-a 
o 



o 



(436) 



ft 




No. Blocking 
group 



Blocked Condition! ■ Deblocked Deblocking Special References 
moiety for blocking moiety conditions appli. 

cations 



34 bromo- 
. phenacyi- 
trityl- 



BPTr d 




O-CH, 



-OH 
selective 
OH 



p-bromo- -OH 

phenacyloxy- 

phenyl- 

diphenyl- 

methyl- 

chlorid 



very 
mild 
acid 



(436) 



o 



acetal/ketal groups 



35 a-(methoxy- 
cthyl) 



H CH, 



-OH 



meihylvmyl- -OH 
ether 

p-toluene- 
sulfonic acid 



acetaidehyde 
+ methanol 
in DMF 



mild 
acid 



mono (252) 

addition 

substrate 



(386a. 
337) 



86 ct-ethoxy- 
ethyl- 



EtOEt b *' 0 ~ C ' H » 
EE- "K 

H CH 3 



87 /i-butoxy- 
ethyl 



88 jtrc-butoxy- 
ethyl 



89 /-butoxy- 
ethyl 



-OH, ethylvinyl -OH, . mild 
-NH 2 ether -NH 2 acid 



-OH, 



(p-C^-CHj-CH^CH, 
-CH-CHj 



-OH 



'^-CH-CHj-CH, 
-CH-CH, 



<j>-C-(CH 3 ), 
-CH-CH, 



-OH 



n-butylvinyl- -OH 
ether, 
trifiuoro- 
acetic acid 



mild 
acid 



acetaidehyde 
+ a-butanol 
in DMF 

sec- butyl- 
vinyl ether, 
trifiuoro- 
acetic acid 

acetaidehyde 
. + sec- 
butunot in 
DMF 



-OH 



mild 
acid 



(197) 



(386a, 
387) 



(386a. 
387) 



tert-butyl 
vinyl ether, 
trifluoro- 
acstic acid 



-OH 



mild 
acid 



(386a t 
387) 



No, Blocking 
group 



Abbrev- Structural formula 
iation 



90 a-methoxyiso- 
propyl- 



91 isopropoxy- 
isobutyi- 



/ OCH ) 
-C-CH, 
CH 3 



(j)-CH(CH,), 
-CH-CH(CH 3 J 3 



Tabic 1. 1 (continued) 



Blocked Conditions Deblocked Deblocking SoeciaJ K.r* 
moiety for biocking mo.ety condiuons' ap^H ™ 

cations 



-OH. 



sei. 

5-OH 



-OH 



2-methoxy- -OH 

propylene 

acid 



' mild acid 



2,2-di- 

methoxy- 

propane, 

diphenyl- 

phosphate, 

dimethyl- 

acetamide 



isopropoxy- 
isobutylene 
trifluoro- 
acetic acid; 

isobutyric 
aldehyde + 
tso- 
pro pan o[ in 
DM? 



-OH 



(197) 



mild acid 



(386 a. 
387) 



92 /i-butoxy- 
isobutyl 



93 isobutoxy- 
isobutyl- 



94 2-methoxy- 
ethoxy- 
isobutyl 



-OH 



^-CH^-CHj-CHj-CH, 
-CH-CHtCHj), 



-OH 



(p-CHj-CHtCH,), 
-CH-CHtCHj)! 



-OH 



p-CH a -CH s -0-CH, 
-CH-CH(CH,), 



isobutyric 
aldehyde + 
n-butanol in 
DMF 

n-butoxy- 
isobutylene- 
trifluoro- 
acetic acid 



-OH 



mild 
acid 



(386a. 
387) 



isobutoxy- 
isobutylene, 
trifluoro- 
acetic acid 

isobutyric 
aldehyde +■ 
isobutanol 
in DMF 



-OH 



mild 
acid 



(386a. 
(387) 



isobutyr- 
aldehyde -i- 
2-methoxy- 
ethanol. 
trifluoro- 
acetic acid 



-OH 



mild 
acid 



(387) 



95 1-methoxy- 
cyclohexyl- 



-OH 1-methoxy. -OH 
cyclohexene, 
acid 



mild 
acid 



(197) 



Tabic l.l (continued) 



» No. Blocking Abbrev- Structural formula 
group iation 



96 tetrahydro- thp' 
pyranyl- Thp b 
THP 1 



97 methoxy- 
^tetrahydro* 
pyranyl- 



■JO 



H,C-0. 



Blocked Conditions Deblocked Deblocking Soecial ? 
mo.ety for blocking moiety conditions ^ fences ^ 



cations 



-OH, dihydro- 

-NHj pyran 

p-toluene- 
sulfonic acid 



acid 



sel.-OH mild acid 



-OH 



4-methoxy- 
dihydro- 
pyran, 
p-toluene- 
sulfonic acid 



-OH 



mild acid 



(184, 
197, 258) 



(297, 299J 



(116, 352) 



98 methoxy- 
tetrahydro- 
thiopyranyl 



99 corresp. 
sulfone of 
No. 98 



H 3 C-0. 



H 3 C-0. 



0*N> 



-OH 



-OH 



4-methoxy- 
5,6-dihydro- 
4H-thio- 
pyran. me- 
sitylenc 
sulfonic acid 



-OH 



methoxy- 

tetratiydro- 

thio-pyranyl- 

nucieoside- 

+ m-chloro* 

perbenzoic 

acid 



-OH 



mild 
acid 



(32) 



acid 



(32) 



acetal. 
ketal groups 




Sugar 
oicirtai 
dial 








100 isopropyl- 
idene* 


>CMe,' 


2\3*- 
(-OH) 5 


acetone, HCl (2'.3'- 
OH) : 

2.2-di- ' 
methoxy- 
propane, 
p-toluene- 
sulfonic acid 


strong 
acid 


(99, 100, 
Wl. 184. 
197. 258) 


101 diethylmethyl- 
idene 




(-OHh 


diethyl- 2\3'- ■• 
ketone. HCl (-OH)j 


strong acid 


(197) 


102 methyk- 
butyl- 

methylidene* 


H,C \C(CH 3 ) 3 


i\y- 

(-OH): 


methyl-t- 2', 3'- 
butylketone, (-OH)! 
HCl 


strong acid 


(197) 



> 

c. 



103 diphenyl- 
methylidene- 




2\3'- diphenyl- 2',3'- strong acid 
(-OH), ketone, HC! (-OH) 2 



(197) 



No. Blocking Abbrev- Structural formula 
group iation 



Table l.I (continued) 



Blocked Conditions Deblocked Deblocking Special 
moiety for blocking moiety conditions appli- 
cations 



104 2-phenyl- 
ethylidene- 



2',3'- 
(-OH)j 



;ch 



105 2-chloro-N 
methylethyl- 
idene 



2\3'- 
(-OHh 



CH 3 

;c-ch 2 ci 



References 



2-phenyl- 

acetal- 

dehyde, 

(di)ethyl- 

phosphoro- 

thioate, 

2,2-di- 

methoxy- 

propane, 

dimethyl - 

formamide 



methyl 

chloro-me- 

thylketone, 

(di)ethyl 

phosphoro- 

thioatc, 

2.2-di- 

dimethoxy- 

propane, 

dimethyl- 

formamide 



2',3'- 
(-OH)2 



strong acid 



(100. 101) 



r ,3'. 

f-OHk 



acid 



(WO, 101) 



106 n-propylidene* 



2'.3'- 
0-OH), 



^CH-CH^CH, 



propion- 

aldehyde, 

(di)ethyl- 

phosphoro- 

thioate, 

2;2-di- 

methoxy- 

propane, 

dimethyl- 

formamide 



2',3'- 
(-OH) 2 



strong acid 



.(100. 101) 



107 .tvi-hutyl- 
idene- 



2',3*- 



methyl-ethyl- 2',3'- 



CH 3 
X-CHj-CH, 



ketone, 

(di)ethyl- 

phosphoro- 

thioate, 

2,2-di- 

methoxy- 

propane, 

dimethyl- 

formamide 



(-OH) 2 



strong acid 



(100. 101) S 



108 1,3-dimethyl- 
n-butylidehe- 



2*,3*. 
(-OH), 



ii-CHj-CH-CHj 



methyliso- 

butyl- 

ketone, 

(di)ethyl- 

phosphoro- 

thioate, 

2,2-di- 

methoxy- 

propane, 

diemthyl- 

formr 



2',3'- 
K>H) 2 



strong acid 



(100. 101) g 



Table 1.1 (continued) 



a No. Blocking Abbrev- Structural formula 
3 group iation 



5 109 1 -ethyl- 

A, n-propylidene 



110 t-methyi- 
n-nonylidene- 



111 Cyciopeniyl- 
idene- 



--CH,-CH 3 



^C-fCH^-CH, 



Q 



Blocked Conditions Deblocked Deblocking Special References 
mo.cty for blocking moiety conditions appli- 

cations 



2\3'- 
(-OH) 2 



2',3'- 



diethyl- 
ketone, 
(di)ethyl- 
phosphoro- 
thioaie, 
2,2-di- 
methoxy- 
propane, 
dtmethyl- 
formamide 

methyl- 
n-octyl- 
ketone, 
(di)ethyl- 
phosphoro- 
thioate, 
2,2-di- 
methoxy- 
propane. 
dimethyl- 
form amide 



2',3'- 
(-OH) 2 



strong acid 



(100, 101) 



(-OH) 2 



strong acid 



(100. 101) 



2\3'- 
(-OHh 



cyclo'penta- 
none, HCI 



2*J'. 
(-OH), 



strong acid 



(100, 101, 
197) 



112 cyclo- 



heptylidene- f \^ 



2',3'- cyclohepta- 2\3'- 
(-OH)z none, HCI (-OH} 2 



strong acid 



(197) 



113 cyclo- 
octylidene 



115 p-rneihyl- 
benzylidene 




U4 benzylidenc \ ^ 



(*OH)j 



cycio- 

octanone, 

HCI 



2\3'- 
(-OH)! 



strong acid 



(197) 



> 
c 



2\3'- 
(-OHh 



benzal- 

dehyde, 

p-toluene- 

sulfo- 

acid 



2',3'- 
(-OHh 



acid 



197) 



2'.3'- 
{-OH) 2 



p-meihyl- 

benzai- 

dehyde, 

(di)ethyl- 

phosphoro- 

thioaie, 

2,2-di- 

methoxy- 

propane, 

dimethyl- 

formamide 



2\3'- 
(-OH), 



acid 



(100. 101)' " 



So 





• 


Table !.l (continued) 


• 




No. Blocking 
group 


Abbrev- Structural formula 
iatioo 


Blocked 
moiety 


Conditions Deblocked ni*mnnu: n « e • ( 
v "° j-'cuiut.itcu ucotocKing Special 

for blocking moiety conditions appii- 

cations 


.6. 

References 












116 4-methoxy- 
benzylidene 


9 ■ 

OCHj 


2\3'- 
C-OH), 


4-methoxy- 1 2\3'- acid 
benzai- (_OH) : 
dehyde, 
acid 


(197) 

X 

o» 



117 4-dimethyl- 
aminobcnzyl- 
idene- 



2\3'- 
{-OHh 



N(CH 3 ) 3 



4-dimethyl- 

amino- 

benzal- 

dehyde, 

trifluoro- 

acetic acid 



2'.3*- 
(-OH), 



mild 
acid ' 



(197) 



113 2,4-di- 




2\3'- 
(-OH): 








methoxy- 
benzylidene- 


Ph 

O-CH, 


2,4-di- 

methoxy- 

benzaJ- 

dehyde, tri- 

fluoroacetic 

acid 


2\3'- mild 
(-OH) z acid 





1 19 4-chloro- 
benzylidene 



2\3'- 4-chloro- 
(-OH), bcnzal- 

dehyde, 

acid 



2',3'- 
(-OH): 



acid 



(197) -- 



120 jp-nitro- 
benzylideae 



> 
a 



2',3'- p-nitro- • 2',3'- 
(-OH)j benzai- (-OHfe 

dehyde, tri- 

fluoroacetic 

acid 



acid 



(484) 



121 />-(N-methyI- 
N-3-chloro- 
ethyi)-amino- 
benzylidenc 




2\3'- p-(N-mcthyl- 2' ,3'. 
(-OH) 2 N-(3-chioro- (-OH) 2 

ethyl-Jamino- 

benzaU 

dehyde, p- 

toluene- 

sulfonic acid 



mild acid 



(US) 



Table 1. 1 (continued) 



| No. Blocking Abbrev- Structural formula 
? group iation 



Blocked 
moiety 



Conditions 
blocking 



Deblocked Deblocking Special 
moiety conditions appli- 
cations 



Referen 



orthoesters 
and deriv. 



122 methoxy- 
methylidene 



123 ethoxy- 
methylidene 
concurrent 
with /7-nitro- 
benzylidene 



124 dimethoxy- 
methylidene- 



H,C-0^ H 



(-OH) 3 



trimethyl- 

ortho- 

formate, p 

toluene- 

sulfonic 

acid 



2' .3'- 

(-OH), 

+ 

-NH 2 



p-aitro- 

benzal- 

dehyde + 

ethylortho- 

Formate, 

trifluoro- 

acetic acid 



2\3'- 
(-OH) 2 



l?,2'~ 
i-OHh 

2.2'(3> 
-OH 



1. mild acid- 
formate 

2. alkali 



(117, 352) 



1.2' ,3'* I. mild acid- 
(-OH)i formate 

2. 2'(3> 2. alkali, 

-OH acid 
-NH 3 



(479, 484) 



tetramethyl- 
ortho* 
carbonate, 
p*toluene- 
sulfonic acid 



1.2' .3'- 
(-OH), 

2. 2'(3> 
-OH 



1. mild acid^ 
carbonate 

2. alkali 



(197) 



125 methoxy- 
ethylidene 



126 methoxy- 
benzylidene 



H 3 C-0^ Cv -CH 3 



2\3'- 
(-OH), 



dimethyl- 
ortho- 
acetate, 
p-toluene- 
sulfonic acid 



i.2',3'- I.mildacid- 

(-OH)j acetate 

2. 2'(3')- 2. alkali 
-OH 



(99, 352) 



H 3 C-0 



X 




2\3'- 
('OH)z 



trimethyl- 
ortho- 
benzoate, p- 
tolucne- 
sulfonic acid 



l.2',3*. 

(-OH), 
2.2'(3> 

-OH 



1. mild acid- 
benzoate 

2. alkali 



127 phenyl- 
boronate 



2\3'- 
C-OH) 2 



phenyl- 
boronic 
acid 



2',3'- 
(-OH)j 



propane- 
diol-1.3 
in DMF/ 
water 



(99) 



(84, 202. 
203. 474, 
475)' 
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Tabic 2.1. Regents fur the Chemical Transfer of Pho: 



No. Phosphoryl- -Structural formula 
ating agent 



xphoryt Groups 



P°'y- nucleo- 
phosphates bonds 
coenzymes 
etc. 




2 pyro-phos- 
phoryl- 
chloride 



CI 



>-o-pr 



3 methyl- 
phosphoro- 
dichlori- 
date 



O 

H^CO-P-CI 
CI 




(415) 



O; 



4 phenyl- 
phosphoro- 
dichlori* 
date 




-CI 



5 2-chloro- 
mechyl- 
4-nitro- 
phenyl- 
phosphoro- 
dichlori- 
date 



CHjCI 




6 P'-Phenyl-P'- 
morpholino- 
■ pyro- 
phosphoro- 
dichloridate 



a 




P-O-P-N O 



CI 



Ct 



7 diethyl- 

phosphoro- c * H iO^ § 
chloridate P-CI 

C 1 H J 0 / 



di-p-cyano- 
ethyl- 

phosphoro- 
chloridate 



CNCH,CH,0 0 
- ' Ml 

P-Cl 

CNCH^CHjO 



+ + 



(109. 253, 
350) 



(134, 135. 
232) 



+ + 



(162) 



o 
c.' 



(253) 



(253) 



No. Phosphoryl- StructuraJ formula 
ating agent 



9 bis-{p,p.p- 

trichloro- CljCCHjO o 
ethy]-)phos- ^/ 
' phoro- / \ 

chioridate ^CC^O CI 



10 dibutyl- 

phosphoro- C 4 H l0 0 O 
chioridate Ml 

C.H,„0- P - Cl 



Table 2.1 (continued) 



Postulated primary 
activated intermediate 



Application to the synthesis of 
nucleotides nucleotide- inter- 

P°ly* nucleo- 

phosphates bonds 

coenzymes 

etc. 



+ 

sel. 5'-OH 



References 



(253) 



II diphenyj- 
phosphoro- 
chioridate 




P-Ci 



(258)' 



\1 dibenzyl- 
phosphoro- 
chloridate 



13 bis-(/j-nitro- 
phenyl-) 
phosphoro- 
chioridate 




n 



14 O-phenylene- 



phosphoro- 
chloridate 




(191) 



No. Phosphoryl- Structural formula 
ating agent 



Table 2.1 (continued) 



Postulated primary 
activated intermediate 



Application to the synthesis of 

nucleotides nucleotide- inler . R eferences 

Poly- nucleotide 

phosphates -bonds 

coenzymes 

etc. 



di-morpho- Q N^- 

lidic- \ / 

phosphoro- 

chloridate / < \ 

(bromidate) °, 



O 

Jl 

>-CI 



(258) 



(-Br) 



15a nucleoside- o 
phosphoro- R _[L F 
fluoridate f 
OH 



(426, 440) 



mixed anhydrides 



f ; 



OR 



16 trimeta- 

■ I ■ RO 
phosphoric o. 

acid and 

esters 

R = H, Na, Me. Ph 



r t 



17 poly- jj 

phosphoric HO-P 

acid and ro 
esters 



O 

-O-P-O 
OR 



R = H. Me, Ph 



(166. 253. 
458) 

sei. 2',3'-"" 
OH: 

(364. 385. 
336) 



(19. 25S. 
344) 



IS tetra-^- 
nitro- 
phenyr 
pyro; 



phosphate ^ ' 



(258) 



19 P'-nucleo- 0 Q 

• sidyi-P 2 - ' || II 

diethyl- (C^O), - P - O - P - 0 - nucleoside 

pyrophosphate HO 



(61) 



No. Phosphoryl- 
ating agent 



Structural formula 



19a benzyl-, or 
dibenzyl-, or 
nucleoside-, 

phosphoric 

acid 

benzoic acid 

anhydride 




R - benzyl, nucleoside 
R = H, benzyl 



Table 2.1 [continued) 

Postulated primary 
activated intermediate 



Application to the synches* of 
nucleotides nucleotide- inter- References 

PO'y* nucleotide 

phosphates bonds 

coenzymes 

etc. 

+ + (269. 270) 



20 



mesitoyl- 
chloride 




"P-O-C-R 



(274) 



21 p-toluene- 
sulfonyl- 
chloride 



■P-O-S-R 



(258) 




(MS) CH, 



23 



1.3,5-tri- 

isopropyl- 

benzene- 

sulfonyl- 

chloride 

(TPS) 




SOjCl 



■p-o-s- 

.1 II 

0 



(248) 



24 



poly-3,5- 

diethyl- 

styrene- 

sulfbnyl- 

chloride 




0,CI 



■P-O-S- 

I II 
O 



(S62) 



a No. Phosphoryl- Structural formula 



ating agent 



25 trimethyl- 
benzene- 
sulfonyl- 
imidazolidc 




Tabic 2.1 (continued) 



Postulated primary 
activated intermediate 



-P-O-S-R 



Application to the synthesis of 

nucleotides nucleotide- inter- R e f erences 

POly- nucleotide 

phosphates bonds 

coenzymes 

etc. 



(20) 



25a trimethyl- 
benzene- 
sulfonyi- 
1.2,4- 
triazolide 



I n ? 

-P-O-S-K 

0 



(176a) 



25b triisopropyl- 
. benzene- 
sulfonyl- 
1.2,4- 
triazolide 




O 
II 

-o-s- 



(176 a) 




29 a-hydroxy- 
pyridine- 
phosphates 




• 



No. Phosphoryl- 
ating agent 



Structural formula 



30 diethyl- 
(J-ethoxy-2- 
carbethoxy- 
vinyl-) 
phosphate 



O-C OC : H 3 0 



o-p: 



-OCjH, 



31 



a-bromo-a- 
cyano- 
acetamide + 
triphenyl- 
phosphine 



NC-CHBr-C 



32 



2-methylthio- 
4H- 1,3,2- 
benzodioxa- 
phosphorin- 
2-oxide 



Tabic 2.1 (continued) 

Postulated primary 
activated intermediate 



Application to the synthesis of 
nucleotides, nucleotide- inter- References 
poly- nucleotide 
phosphates bonds 
coenzymes 
etc. 




pyrophosphoric 
acid triester see 19 





33 dicyclohexyl- / \ / \ 
carbodiimde \ H /—^C = N-f H ) 
(DCC) N / \ / 



I NH —( H \ 



(166. 184, 
258, 458} 



carbodiimide H3 °""^^^~ N ° c * N ^(3/ 




compare no. 33 



(258) 



35 1-cyclohexyl- 

3-(2N-methyl- / . 

morpholino- / ,. \ 



«hyl-)carbo- 
dimide 
methosulfate 



\ compare no. 33 

CH : -CH ; — N 0 

CH 3 SO)© 



36 I-ethyl-3- " " " 

(3-dimethyl- 

aminopropyl-) compare no. 33 

carbodiimide H 3 L -CH : -N =C = N-CH J -CH 1 -CH,- 1 
hydro- J CH i 

chloride Cl<* 



H 



(12, 460) 



(46, 72) 



25 



No. Phosphoryt- 
ating agent 



Structural formula 



Table 2.1 (continued) 

Postulated primary 
activated intermediate 



Application to the synthesis of 
nucleotides nucleotide- inter- References 
poly- nucleotide 
phosphates bonds 
coenzymes 
etc. 



37 



phosgene + 

dimethyl- 

formamide 



38 N-ethyi- 
(methyl-) 
5-phenyf- 
isoxazolium- 
. fluoroborate 



ci- 




' P-0-C = N^ 



N — / H k || 



(61. 166) 



(62, 166) 



39 trichloro- 
acetonitrile 



CI 



\ 

CI— C-CN 



CI 



/ 



Cl,C- 



<j>NH 



(65. 253) 



activated phosphoramidaies 



40 



benzyl- 
hydrogen 
phosphor- 
amidate 



O 
II 

H,N- P- 



OCH 




(3S) 



41 phosphoro- / \ O 

morpholt- o N-P-OR 
date \_ / I 
f OH 



(184. 252) 



42 phosphoryl- 
imidazole- 
phosphate + 
carbonyl- 
diimidazole 



N v N-C-N N 

V m V 



-P-N N 

1 V 



(39. 246. 
258. 324) 



43 diimidazoiyl- 
phosphinic 
acid and 
derivatives 



n i r 



N-P-N 

•A 



(79, 



oxidative phosphorylation 
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No, Support 



Functional groups 



Table 4.2 (continued) 

Type of 
linkage 



Conditionsand Cleavage 
intermediates conditions 
for oligonucleo- 
tide synthesis 



Sequences, 
yields* 



References 



3 polystyrene, 
noa-cr.oss- 
linked 




— CI 



0-CH 3 



3a polystyrene, 
non-cross- 
linked 



4 polystyrene, 

gel. 1%X y\ 




nucleoside-5'- 
ether 



pdT-OAc 

1. POCl,/ 
aceto- 
nitrile 

2. dT-OAc 



trifluoro- 
acetic acid 
in chloro- 
form 



dTpdT 67% (171. 343) 



nucleotide* 

5'-phosphor- 

amidate 



pdT-OAc 



30% acetic 
acid 



nucleoside^'- pdTOAc 
ether pdA^, 

pdA^OAc 

pdC"\ 

pdC ,n OAfc 

pdG K . 

pdCOAc 



acetic acid/ 
water/ 
benzene 
32/8/10 



dT(pdT)„ 
n = I -4 
di- and tri- 
nucleotide 
sequences 
dTpdT: 75% 
dT( P dTV:6% 



- (67.393) 



. (254. 255, 
256) 



5 polystyrene, 
gel 




nucIeoside-5'- 

phosphor- 

amidate 



pdTOAc 



3x80% acetic 
acid, 24 h., rt. 



(pdTJ n 
(pdT) 2 :40% 
(pdT) 3 -5% 



2-3 



(22. < 
24) 



5a polystyrene 
gel. 2%X 




nucleotide- pdT-OAc I. acid " 
5'-uridinyl- i. periodate 

cstcr 3. alkali 



(390) 



OCH, 



OCH, 



\ 



nT 1 



No. Support Functional groups 



polystyrene, 
gel. 2%X 



Tabic 4.2 (continued) 



Type of Conditions and Cleavage 

linkage intermediates conditions 

for oligonucleo- 
tide synthesis 




CHj-COCI 



nucleosidc-5'- 
ester 



pdT-OAc 
pdT-OH 



Sequences, 
yields* 



dioxanc/ 
cone. 

ammonia 1 : 1 



dT(pdT)„ poly- 
condensate 
dTpdT 85% 



References 



(220) 



7 polystyrene, 
gel 2%X 




—a 



nucleosidc-5'- 
ether 



pdC'OAc 



2% trifluoro- 
acetic acid 
in benzene 



dT(pdC) n 
n = I -3 
dTpdG: 27% 
dT(pdG) 3 : 
-2% 



(476) 



polystyrene, 
gel 2%X 




■CH, 



nucleoside^'- MMTrrU hz -p 
phosphor- MMTrC'-p- 
amidate OBz * 



isoamylnitrite 
in pyridine/ 
acetic acid 
1:1 



rApUpGp 
dinucleotides 
rApUpGp: 10% 



(317) 



9 polystyrene, 
macro reticular 




nucleoside^'- 
ether 



pdT-OAc, 
pdTpdTOAc, 
pdC ,B -OAC. 
pdA bl -OAc 



80% acetic 
acid 



dT(pdT), 
n= 1-7 
di- and tri- 
nucleotide 
sequences 
d(TTACCTA) 
dTpdT: 50% 
dT(pdT) 7 :4% 
d(TTACCTA): 
13% 



(68. 215.' 
217. 218) 



> 
o. 



10 polystyrene, 
macroreticular 
6%X 




HO— C— CHj 



CHj-CHj-OH 



nucleoside-5'- 

phosphomono- 

ester 



pdT-OAc 2 N sodium (pdT)„n = 2- 

methylate in (pdT) 2 : 35% 

methanol/ (pdT) 6 -2% 
pyridine 1 : 1 



6 (96) 



I* 1 



Table 4.2 (continued) 



No. Support 



Functional groups 



o 1 1 polystyrene, 

macroreticular 
5%X 




CHj-Cl 



Type of Conditions and Cleavage 

linkage intermediates conditions 

for oligonucleo- 
tide synthesis 



nudeoside-5'- 
S-benzyf- 
phosphoro- 
thioate 



Sequences, 
yields* 



References 



pdTOAc, 

pdC* M -OAc t 

pdA bl -OAc 



h in pyridine/ (pdT) B n = 2 — 5 (423) 
water 3:1 di- and tri- 

nucleotide 

sequences 

(pdT) 2 : 39% 

(P<*T) 3 : <1% 



12 polystyrene, 
macroreticular 
ca. 3%X 




nucleoside*5'- 
ether 



pdTOAc 



S0% acetic 
acid 



. dT(pdT) 0 
n=t-2 
modified 
dinucleotide 
dTpdT: 73% 
dT(pdT) i: 40% 



(107) 



^13 polystyrene, 
micro gel 
20% X 




-CH a 



nucleoside-5'- — 
ether 



80% acetic 
acid 



(214) 



> 
a 



14 polystyrene, 
gel 40% X 




nucleoside-5'- 
ether 



pdA bI -OAc 



2% trirluoro- 
acetic acid in 
chloroform 



dT(pdA) n 
n = I - 3 
dTpdA: 80% 
dT(pdA) 3 ; 43% 



(174, 239, 
342) 



No. Support Functional groups 



Table 4.2 (continued) 



Type of Conditions and Cleavage Sequences, 

linkage intermediates conditions yields* 

for oligonucieo- 

tide synthesis 



References 



15 polystyrene 
gel 40% X 




nucleoside-5'- 
ether 



l.PCIj 
2- HgCl 2 + 
nucleotides 



2% trifluoro- 
acetic acid in 
benzene 



dT(pdT) nP rU 

1-2 
di- and tri- 
nucleotide 
sequences 
dTpdT: 30% 
dT(pdT),prU: 
23% 



. (173) 



16 



polystyrene, 
popcorn 
0,2% X 



D 



deoxycytidine- 
N-carbamate 



-CH,-0-COCI 



1. P-cyano-; 
ethyi- 
phosphatc, 
DCC 

2. thymidine, 
MS • 



0,2 M sodium- 
hydroxide in 
dioxane/ 
water 1:1 



dC(pdT)„ 
n-1-3 
dCpdT: 61% 
dC(pdT) 3 : 14% 



(226. 227, 
223) 



17 polystyrene, 
popcorn 
0.1% X 




•C-Cl 



nucieoside-5'- 
ester J 



. P-cyano* 
ethyl- 
phosphate, 
DCC 

. blocked 
nucleoside, 
MS 



0,5 n sodium 
hydroxide 
in dioxanc/ 
water 1 : 1 



dT(pdT)„ 
1-2 
dG(pdG), 
□ = 1-3 
di- and tri- 
nucleotide 
sequences 
d(GCGT) 
dTpdT: 95% 
dT(pdT),: 78% 
dG(pdG) 3 : 7% 
d(GGGT): 18% 



(229a, 230, 
407, 409) 



13 polystyrene, 
popcorn 




nucleostde-5'- 
ether 



pdTOAc, 
pdTpdTOAc 



30% acetic 
acid 



dT(pdT) B 
n = 1 -5 
dTpdT: 64% 
dT(pdT) 3 : 3.5% 



(213) 



5sj 



Table 4.2 (continued) 



No. Support 



Functional groups 



Type of Conditions and Cleavage Sequences, References 

linkage intermediates conditions yields* 

For oligonucleo- 
tide synthesis 



19 polystyrene, 
isotactic 



nucleoside-5'- 
ester 



0.5N 
ammonia 



rU(prU) fl 
n= 1 -2 
rLJprU: 52% 



(470) 




•O-P-O 
HO 



o o 

/ \ 



Ox 



20 polystyrene, 
isotactic 



Ri = methoxy- 

acetyl 
R 2 = benzoyl-' 

propionyl 




nucleoside-5'- pdTOAc trifluoro- dT(pdT) n 

ctner 3'-0-acetyl- acetic acid in n = I — 2 

5'iododeoxy- chloroform dTpdT: 55% 
.uridyiic acid modified 

dinucieotides 



(447) 



-CH, 



21 polystyrene, 
isotactic 



22 polyethylene 
glycol 




Tabic 4.2 (continued) 



No. Support 



Functional groups 



Type of Conditions and Cleavage 

linkage intermediates conditions 

for oligonucleo- 
tide synthesis 



Sequences, 
yields* 



References 



23 



<z,cu-diamino- 

polyethylene 

glycol 



-NH, 



phosphor- 
amidate 



pdA bI -OAc isoamylnitrite (pdA) 3 : 14% (33) 
in pyridine/ 
acetic acid 1:1 



24 polyvinyl- 
alcohol 
non- 
cross- 
linked 




2'(3>5'-imer- 

nucieotide 

linkage 



pdTOAc alkali (pdT)„n=I-5 (33.378. 

(pdT) 2 : 51% 332) 
(pdT) 5 : 8% 



HO OH 



25 vinylacetate-N- 
vinylpyrrol- 

idone co- — OH 
polymer non- 
cross- 
linked 



nucleoside-5'- 
carbonate 



1. pdT, poly- cone, 
condensation ammonia 

2. pdT-OMMTr 
res p. t 
prU(-OAc) z , 
TPS 



dT(pdT) 0 
n = 1 -3 
dT(pdT) m rU 
m=l-2 
dTpdT:. 56% 



(392. 394, 
395. 396a) 



26 poly-L-lysine 



29 




- NH -c-/r^ 



NH, 



nudeoside-5'- 

phosphor- 

amidate 



pdTOAc 



isoamylnitrite 
in pyridine/ 
acetic acid 1 ; I 



(pdT) 3 : 14% (44). 



27 



styrene-acrylic 
acid copolymer, 
popcorn 



? y 

-C-O-CHj-r-CH, 
O-COCI 



28 Bio Rex 70 
(polyacrylic 
acid, macro- 
porous) 



-C-O-CHj-C-CH, 
O-COCI 



Merckogel-10 6 
(polyvinyl- 
acetate, 
macroporous) 




30 Bio-Beads 
S-X2 (poly- 
styrene, 
macroporous) 



nucleoside-5'- 
carbonate 



1. p-cyano- 
ethyl- 
phosphate, 
MS 

2. blocked 
nucleoside, 
TPS 



0,5 n sodium 
hydroxide in 
dioxane/water 
1:1 



dinuclcotide 
sequences 
dTpdT: 92% 



nucleoside-5'- 
carbonate 



1. p-cyano- 
ethyl- 
phosphatc, 
MS 

2. blocked 
nucleoside 
TPS 



0,5 n sodium 
hydroxide in 
dioxane/ 
water 1 : 1 



dinucleotide 
sequences 
dTpdT: 65% 



nucleoside-5'- 
carbonate 



1 . p-cyano- 
ethyt- 
phosphate, 
MS 

2. dT-OpB, 
TPS 



0,5 n sodium 
hydroxide in 
dioxane/ 
water 1 : 1 



dTCpdT). 
n = 1 -4 
dTpdT: 59% 
dT(pdT) 4 : 5% 



•OH 



nucleoside-5'- 
ester 



(238) 



(238, 395) 



(233. 395. 
397a) 



KMeOPOCl 3 
2. dTOAc 



0,5 n sodium 
hydroxide in 
dioxane/ 
water 1 ; I 



dT(pdT) n 
n = 1-2 
dTpdT: 38% 
dT( P dT) 2 : 10% 



(306) 
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